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Abstract

:

In this study, an alternative solution for flood risk management in complex cross-border regions is presented. In these cases, due to different flood risk management legislative approaches, there is a lack of joint cooperation between the involved countries. As a main consequence, LiDAR-derived digital elevation models and accurate flood hazard maps obtained by means of hydrological and hydraulic modeling are missing or are incomplete. This is also the case for the Prut River, which acts as a natural boundary between European Union (EU) member Romania and non-EU countries Ukraine and Republic of Moldova. Here, flood hazard maps were developed under the European Floods Directive (2007/60/EC) only for the Romanian territory and only for the 1% exceeding probability (respectively floods that can occur once every 100 years). For this reason, in order to improve the flood hazard management in the area and consider all cross-border territories, a fully remote sensing approach was considered. Using open-source SAR Sentinel-1 and Sentinel-2 data characterized by an improved temporal resolution, we managed to capture the maximum spatial extent of a flood event that took place in the aforementioned river sector (middle Prut River course) during the 24 and 27 June 2020. Moreover, by means of flood frequency analysis, the development of a transboundary flood hazard map with an assigned probability, specific to the maximum flow rate recorded during the event, was realized.
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1. Introduction


When it comes to floods, Romania is among the most affected countries [1,2,3,4,5]. Starting at the beginning of 21st century, Romania witnessed flood events at increasingly high levels and frequencies, with floods occurring every two years (2005, 2006, 2008, 2010, 2013 and 2014) [4,6,7,8,9]. The negative consequences associated with the 40 major flood events recorded in Romania in the last 20 years (235,105 people affected, 10,731 people left homeless, 243 deaths, €2.6 billion worth of damage) ranks Romania as the second place in Europe after Russian Federation in terms of flood events incidence and people killed [10]. Many of these catastrophic flood events experienced by Romania in the last 20 years took place in the north-eastern part of the country, an area crossed by the catchments of Siret and Prut Rivers, some of the largest river basins in Romania [11]. In this area, historical flow rates for the entire Romanian territory were recorded: 4650 m³/s in the Siret River in 2005—the maximum value ever recorded, and 4240 m³/s on the Prut River in 2008—the second maximum value recorded for Romania [4]. The initial communicated flow rate for Prut River in 2008 was 7140 m³/s, which would have been the maximum ever recorded for Romania, but the Stânca-Costești Reservoir located on the Prut River decreased the discharge value at Stânca-Costești hydrometric station to 1260 m³/s [12,13].



With the accession of Romania to the European Union (EU) in 2007, the country was forced to align its flood risk management activities in compliance with the European Floods Directive (EFD) 2007/60/EC specifications [3,14]. Consequently, flood hazard maps (FHM), flood risk maps (FRM) and flood risk management plans (FRMP) were developed for all areas with potentially significant flood risk, identified within the country’s main hydrographic basins and by the district administrations [6]. Although the process of flood hazard assessment and production of flood hazard maps in Romania was carried out in concordance with current scientific standards and state of the art technology, comprising mainly of advanced hydrological and hydraulic modeling along with LiDAR digital elevation models (DEMs) and collaboration with other EU members (e.g., Danube Flood Risk Project, Monitoring of extreme flood events in Romania and Hungary using Earth Observation data Project) [15], a series of issues regarding the elaboration of these products along the transboundary Prut River (natural border between EU country Romania and non-EU countries Ukraine and Republic of Moldova) can be addressed [9,16]. Here, even though Prut River was responsible for catastrophic flood events that affected all three countries [4,12,17,18], the flood hazard was quantified by using simplified Geographic Information System (GIS) procedures that involved the reconstruction of the water levels produced at certain events, only for the Romanian territory and only for the 1% probability. Moreover, according to the EU Member State Report: RO—Romania on Assessment of Flood Hazard and Flood Risk Maps prepared in December 2014, no transnational cooperation project regarding the development of flood hazard and risk maps (FHRM) was initiated or implemented.



This aspect was favored by a cumulus of obstacles which consisted of the overlay of the Prut River with the European Union eastern border and the existence of no harmonized legislation concerning flood risk management [19]. Due to these issues, even if the EFD regulates the collaboration between EU member states and third-party countries in terms of effective flood prevention and mitigation, in practice, a cross-boundary cooperation it is difficult to implement [20]. In this particular case, one of the main disadvantages is represented by the fact that terrestrial laser scans and acquisition of LiDAR digital elevation models (essential data for hydraulic modeling techniques and elaboration of probabilistic flood hazard maps) cannot be performed at large scales. The existence of LiDAR data only for the Romanian territory is not able to offer an ample perspective regarding the flood hazard in the area along Prut River, the flood hazard maps developed here may underestimate the flood impact. However, despite all the mentioned impediments, a joint operational program between Romania, Ukraine and Republic of Moldova was implemented and completed in 2017. Following this project, called EASTAVERT PROJECT “The prevention and protection against floods in the upper Siret and Prut River Basins, through the implementation of a modern monitoring system with automatic stations”, significant progress has been made in terms of flood hazard and risk mapping within the transboundary area of Prut River.



Usually, the development of flood hazard maps involves hydrodynamic models, based on a series of data that describe statistical river discharge or rainfall values and high precision DEMs (e.g., LiDAR), along with remotely sensed maps of flood extents for calibration and validation purposes [8,21,22,23,24]. In the absence of long-term hydrometric monitoring data and high precision DEMs, flood hazard assessment and flood hazard maps can be realized on the basis of remote sensing data [25,26,27]. Flood probability maps can be obtained by correlating satellite images acquired regularly throughout the stages of a flood event, and flow rates values recorded at hydrometric stations located preferably upstream of the area affected by the flood [28]. In this context, one emergent solution to manage the flood hazard in complex cross-border regions could rely on the use of synthetic aperture radar (SAR) imagery [29,30]. Due to its active radar which operates day and night in all weather capabilities, this type of data is invaluable for uninterrupted monitoring and mapping of flood events [31,32,33,34]. Flood extent maps derived from SAR data can support the elaboration of flood hazard maps and therefore specific flood risk management measures and activities [35]. Until recently, the use of SAR data in similar applications was rather limited, due to the high costs and the complexity of their interpretation by non-expert users [36]. The launch of European Space Agency (ESA) Copernicus Program and its particular SAR mission Sentinel-1 in April 2014 brought up new opportunities in terms of near real-time flood disaster monitoring, flood extent mapping and emergency management [37,38,39]. Given the new improved capabilities in terms of global coverage, free availability, 3–6 days revisit time and 10 m spatial resolution, Sentinel-1 SAR imagery proved its efficiency in numerous disaster-related studies that focused on similar topics [40,41,42,43,44]. Moreover, the practice of using Sentinel-1 SAR data in combination with cloud-free ESA Sentinel-2 optical imagery (when available) can lead to more acurate flood hazard and flood risk analysis products, such as spatio-temporal inundation maps [45].



This paper aims to delineate the maximum inundation extent of a flood event that took place over a four day period (from 24 to 27 June 2020) in a complex cross-border region of the Prut River, which acts as a natural boundary between EU country Romania and non-EU countries Ukraine and Republic of Moldova. The main objectives consist of: (1) the exploration of Sentinel-1 SAR and Sentinel-2 optical data capabilities to capture all flood development stages, considering the image availability and repetitiveness (temporal resolution); (2) the development of quick and efficient methodologies to delineate flooded areas within Sentinel-1 SAR and Sentinel-2 optical images; (3) the development of a flood hazard map with an assigned probability for the entire study area which can offer an integrated perspective without any cross-border related limitations.




2. Study Area


The Prut River basin (total surface: 27,500 km2; total hydrological network length: 11,000 km) is located in the northeastern sector of Danube basin and overlaps with the territory of three countries: Ukraine (28%–7700 km2); Romania (39%–10,725 km2); and Republic of Moldova (33%–9075 km2) [4,18,46] (Figure 1a). It springs from the Ukrainian Wooded Carpathians at an altitude of 1580 m a.s.l. and flows into the Danube River near the Romanian village of Giurgiulești at an altitude of 2 m a.s.l. [12,18]. As the last major tributary of Danube River, it represents the natural border between Ukraine and Romania (31 km border length) and between Romania and Republic of Moldova (711 km border length) [3,4,9,12].



From a morphometric point of view, the Prut River has three sectors:




	
Upper watercourse sector: from springs to Cernăuţi where the river flows out of the mountain region. This river sector presents itself as a typical mountain river, with a narrow and deep valley, medium slopes (4.5°) and steep banks. The riverbed has a width of 50–70 m, depth 0.5–1.5 m and rate flow of 1.0–1.5 m/s [13];



	
Middle watercourse sector: from Cernăuţi to Ungheni (plain sector) with a floodplain width of 5–6 km with low banks and small slopes (0.1–0.2°). The riverbed has a width of 50–85 m, a depth of 2–3 m and a flow rate of 0.6–1.0 m/s [13];



	
Lower watercourse sector: between Ungheni and the confluence with Danube River. The lower course is characterized by small slopes (0.08–0.1°), wide floodplain (10–12 km) and low flow rate (0.5–0.8 m/s). The river has a width of 60–100 m and a depth of 2–4 m [13].








Due to the lack of a legislation to ensure a transparent cooperation between these three countries, we obtained hydrological data just for the Romanian sector of Prut River (the common border with Ukraine and Republic of Moldova) [3] (Figure 1b). Therefore, within the Romanian territory, Prut River has nine gauging stations from the entry of Prut River to Prut-Danube confluence as follows: Oroftiana (included only water level measurements), Rădăuți-Prut, Stânca Aval, Ungheni, Prisăcani, Drânceni, Fălciu, Oancea and Șivița [3,4,12] (Table 1). The first installed gauging station was at Ungheni (1914) and the newest at Șivița (1978) [12]. On Ukrainian territory, one gauging station was installed in Cernăuţi city that included water level measurements (as in the case of Oroftiana gauging station) [12].




3. Database and Methodology


The Sentinel-1 SAR and Sentinel 2 data were obtained for the upper area within Cernăuţi–Ungheni sector, from Cernăuţi city (Ukraine) to Cotu Miculinți village (Romania)—Tețcani village (Republic of Moldova) (Figure 2). Along this river sector are located 26 Ukrainian settlements (of which two cities) with 323,788 inhabitants, 11 Romanian settlements (of which one city) with 20,059 inhabitants and seven Moldavian settlements (one city) with 13,406 inhabitants. The water level and flow rate for this sector was monitored by two of nine gauging stations: Oroftiana and Rădăuți-Prut gauging station (Figure 1b, Table 1).



3.1. Sentinel-1 SAR and Sentinel-2 Data


Synthetic Aperture Radar (SAR) is an imaging active radar system mounted on a moving platform that operates independently of Sun illumination and cloud coverage [47]. Such systems make use of an antenna to generate, transmit and collect electromagnetic pulses and backscattered echoes, respectively, in order to acquire information about Earth’s features and thus create SAR images [48]. ESA Sentinel-1 mission consists of a constellation of two polar-orbiting satellites (Sentinel-1A and Sentinel-1B), equipped with a C-band (wavelengths [λ] = 5.6 cm) active SAR sensor, which facilitates the acquisition of imagery regardless of day, night or weather conditions every 6 days or even 1–3 days for areas such as Europe [49,50,51]. The data were acquired under different configurations in four different modes: Stripmap (SM), Interferometric Wide swath (IW), Extra-Wide swath (EW), Wave (WV); and distributed freely at various product levels (Level-0, Level-1, and Level-2), each with specific resolutions, polarizations (single polarization HH or VV and dual polarization HH+HV or VV+VH) and extents [39,52].



Level-1 data are the generally available products intended for most data users and applications. Level-1 products are distributed as Single Look Complex (SLC) and Ground Range Detected (GRD) [53,54]. SLC data consist of focused complex imagery that uses the full C signal bandwidth, having amplitude and phase information preserved [55]. At the same time, an SLC dataset provides the highest possible spatial resolution [56,57]. Level-1 Ground Range Detected (GRD) comprises of focused SAR data that has been detected, multi-looked and projected to ground range using an Earth ellipsoid model, such as WGS84, storing only amplitude (pixel intensity) without any remaining phase information [44]. The information recorded in both Level-1 product types lies in the measured echoes of the backscattered signal at the C-band wavelength [58]. The backscattering coefficient, or sigma nought (σ0), is the measure of the incident microwave radiation scattered by the radiated terrain. The amplitude and phase of the backscattered signal depends on the land surface properties of terrain elements and their electromagnetic characteristics (e.g., materials) [59,60]. One of the main advantages of using SAR images in flood mapping applications is that they show a high contrast between ground and water surfaces [61]. Smooth open water or flooded areas act as ideal specular reflectors and are characterized by low SAR backscatter values [43,51]. Therefore, in SAR imagery, the water covered surfaces appear black [62].



Sentinel-2 consists of a constelation of two satellites (Sentinel-2A launched in June 2015 and Sentinel-2B launched in March 2017), equipped with a multi-spectral instrument (MSI). The multispectral sensor aquires optical imagery in 13 spectral bands from VIS/NIR to SWIR at a spatial resolution ranging from 10 to 60 m and at a high revisit time (5 days at the equator with two satellites and every 2–3 days at mid-latitudes.) The data are freely available under two distinct product levels (Level-1C and Level-2A) [63,64]. Level-1C data are distributed as Top of the Atmosphere (ToA) reflectance in cartographic geometry (100 × 100 km2 orthoimages found in UTM/WGS84 projection). Level-2A data are based on Level-1C data and are atmospherically corrected to Bottom of Atmosphere (BoA) reflectance [65,66].



For the purpose of this study, freely available GRD dual-polarized (VV/VH) Sentinel-1 SAR images acquired by the sensor under interferometric wide-swath (IW) mode (the default acquisition mode over land) at a pixel spacing of 10 m and a swath of 250 km were downloaded using the Copernicus Open Access Hub [42,67,68,69,70]. Level-2A Sentinel-2 atmospherically corrected products were downloaded using the QGIS application and the semi-automatic classification plugin [71].



Due to their specific characteristics (especially the improved temporal resolution), the Sentinel-1 and Sentinel-2 imagery obtained managed to depict all development stages of a flood event that took place on a shared Prut River sector located between Ukraine, Romania and Republic of Moldova during 24 to 27 June 2020 (Figure 2). This aspect allowed near real-time flood monitoring as the images were available for download in less than 24 h since acquisition by sensor. A characterization of the images used is listed in Table 2.




3.2. SAR and Optical Data Pre-Processing


The GRD Sentinel-1 images downloaded were pre-processed using Sentinel Application Platform (SNAP) software, an ESA open-source architecture [72,73]. The pre-processing steps were based on a workflow proposed by Filipponi [74] and consisted mainly of (Figure 3a): data preparation, area and band subset, image calibration, speckle filtering, terrain correction and data conversion to dB.



In the first step, in order to reduce the processing time and memory use, the data were sub-sampled according to study area limit and polarization. Next, the precise orbit file, thermal and border noise were respectively applied and removed [37,75]. Even if both VH and VV polarized Sentinel-1 data can be employed in flood monitoring and mapping research [59,76], for the purpose of this study the VV polarization was preferred over VH polarization, as it is more suitable for delimiting flood waters within mixed, forest and agricultural land areas [35,50,77].



Image calibration consisted of the conversion of raw DN values to radiometrically calibrated SAR backscatter or sigma nought values (σ0) [78]. Speckle-filtering implies a procedure to increase image quality by reducing speckle noise. In this context, many speckle filters based on smoothing windows on a weighted summation of neighboring pixels were developed [77]. In this study, a Lee-Sigma filter with a window kernel size 5 × 5 pixels was applied [79]. Terrain corrections were performed in order to reduce the distortions determined by the varying viewing angles involved in the image acquisition process [80]. The SAR images underwent range Doppler terrain correction using the Shuttle Radar Topography Mission (SRTM) (1 arc second) DEM as a reference. During this operation, the images were corrected for topographical distortions determined by the side looking SAR mechanism, geolocated and re-projected to Universal Transverse Mercator (UTM) zone 35 N, with a 10 m ground sampling [81].



In order to ensure that all four datasets considered in this study were spatially aligned, an image co-registration was performed. This was carried out using the co-registration tool found in SNAP software and the Sentinel-1 image acquired on 24 June 2020 as a reference. In the last step, the calibrated backscatter coefficient values were converted to dB logarithmic units and exported for further water and non-water pixel delineation operations [76,82].



Level-2A Sentinel-2 imagery was downloaded using the the QGIS application and the semi-automatic classification plugin as Bottom of Atmosphere (BoA) reflectance and its pre-processing consisted of: data merging using only the 10 m spatial resolution spectral bands (band 2—blue, band 3—green, band 4—red and band 8—NIR), study area data clipping and data re-projection to Universal Transverse Mercator (UTM) zone 35 N [63]. To spatially match the Sentinel-2 optical images with the Sentinel-1 SAR images, a co-registration step was also performed using the SNAP application [83] (Figure 3b).




3.3. Water Pixel Extraction from SAR and Optical Data


Various methods have been developed for the detection of water surfaces and thus for flood mapping using radar SAR images [29,84]. Among them, considering water’s well-defined backscattering signature, backscatter histogram thresholding is the most widely used [85,86]. The threshold method can be used to differentiate between the water pixels, represented by low values from the no-water pixels characterized by high values within the image histogram [87].



Thresholding implies SAR backscatter intensity histogram analysis and the estimation of water and non-water pixel distribution. This method is based on histogram manipulation and on the distinction of two partially overlapping distributions that correspond to water and non-water pixels [88,89]. The intersection point between wet and dry distributions determines the threshold value needed for the two classes separation (i.e., open water surfaces and non-water surfaces) [62,90]. For Sentinel-1 SAR images considered in the present study, the extraction of the two distinct classes was conducted based on a threshold value which was initially obtained and then applied to all image’s histograms (Figure 3).



The threshold value was determined by analyzing the backscatter coefficient values, corresponding to a series of points manually digitized by means of visual interpretation, along the Prut River course and within the most visible flooded areas. Subsequently, for each Sentinel-1 image, a different set of points was acquired in areas that overlap with low intensity dark pixels that represent water. To make sure that the point locations coincide exclusively with water surfaces, a cross-examination with the cloud-free areas of two Sentinel-2 multispectral images dating from 24 to 27 June 2020 was performed. In this way, the extraction of the matching raster pixel values set an interval for the true water areas found within each image. The interval highest values that were equal to −15 dB (Image A), −16 dB (Image B), −17 dB (Image C) and −15 dB (Image D), established the threshold between water and land classes. Consequently, all values below these thresholds were considered representative for the water class and respectively for the flooded areas. Next, a binary geotiff layer showing the water and dry areas was obtained for all four images.



For data integration purposes, a shapefile vector format conversion was also realized. The detected water class consists of flooded areas and permanent water bodies. To highlight only the flooded areas, it was necessary to subtract the permanent water bodies from the initial water class dataset [91]. In this case, the permanent water bodies acquired from OpenStreetMap were used. The final step consisted of the export of four distinct datasets regarding the flooded areas, one dataset for each corresponding day of the flood (Figure 3).



The water pixel extraction from Sentinel-2 optical data was realized by means of Normalized Difference Water Index (NDWI) spectral index calculation and simple thresholding. The McFeeters NDWI [92] maximizes the reflectance of the water bodies in the green band and minimizes it in the NIR band [93,94]. NDWI was calculated according to the Equation (1):


   NDWI    =    ρ Green  −    ρ NIR     ρ Green  +    ρ NIR     



(1)







Considering this multispectral advantage, the NDWI is a simple and effective method to extract water bodies [95]. The NDWI is a dimensionless quantity which varies between −1.0 and 1.0. The positive NDWI values indicate the presence of water [96,97]. In this study, the water pixels were limited to the NDWI positive values. The flooded areas for the two Sentinel-2 datasets were delimited by permanent water bodies’ subtraction. The final result consisted of two layers, which illustrate the flooded areas within the cloud-free regions of the Sentinel-2 satellite images.




3.4. Water-Affected Pixel Extraction from Optical Data


The identification of the flooded areas can be realized even after the water has already withdrawn, by analyzing the flood’s effects on the soil [98]. Using the Sentinel-2 image acquired on 27 June 2020 (on the last day of the flood), the extraction of the flood affected pixels was possible. By means of Normalized Difference Vegetation Index (NDVI) and simple thresholding, we managed to explore the high contrast between the bare soil flood affected areas and the surrounding high vegetated agricultural land. NDVI was calculated according to the Equation (2):


   NDVI    =    ρ NIR  −    ρ Red     ρ NIR  +    ρ Red     



(2)







NDVI values range between −1.0 and +1.0. The NDVI values near zero and negative values indicate nonvegetated areas, such as rock, soil or water [99]. In this study, the water-affected areas were restricted through visual interpretation of the NDVI product and Sentinel-2 natural color composite image to values lower than 0.35. The threshold value was determined based on a set of points manually digitized in the visible flood-affected areas. As the result also included the areas covered with water, a Sentinel-1/Sentinel-2 combined flooded area from 27 June 2020 and permanent water bodies subtraction was realized. The final result consisted of a layer which depicted all the flood-affected areas from 24 to 27 June 2020.




3.5. Water Pixel Validation


The subtracted flooded areas and water-affected areas underwent a validation process in order to confirm the proposed methodologies and the determined threshold values. The validation for the Sentinel-1 extracted flood areas was realized by vector overlay analysis (Figure 3). Two vector datasets delineating the flooded areas on 26 June 2020 within the study area, one obtained by the proposed methodology and the other one offered by Copernicus Mapping Emergency Management Service (CMEMS-M), EMSR445 activation code product [100], were compared. The analysis revealed an overlay degree of over 95%, which was considered satisfactory for validation purposes of the Sentinel-1 water pixel extraction methodology adopted in the present study. Moreover, an aerial image acquired in the proximity of Rădăuți-Prut cross-border point between Romania and Republic of Moldova, which depicted the same flood event was also used for data visual interpretation and confirmation (Figure 4). The validation for Sentinel-2 flooded areas and water-affected areas was realized by means of visual interpretation.




3.6. Flood Frequency Analysis


In order to estimate the return periods of the flood events, their corresponding probabilities and probable discharges at Rădăuți-Prut gauging station, we considered the Gumbel’s distribution method, first introduced in 1941 [101]. Gumbel probability distribution [102] is expressed as Equation (3):


XT = X + Kσx,



(3)




where, XT is the probable discharge with a return period of T years (the magnitude of floods); X is the mean flood; σx is the standard deviation of the maximum annual flow rates; K is the frequency factor, expressed as Equation (4):


  K =    Y T  −  Y n     S n    ,  



(4)




where, Yn is the expected mean and Sn is the expected standard deviations of reduced extremes found within Gumbel’s table, depending on the sample size, and YT is the reduced variate, expressed as Equation (5):


   Y T  = −  [  LnLn  (   T  T − 1    )   ]  ,  



(5)







This is one of the most common distribution functions used to predict flood return periods and their probabilities based on time series discharge data [103,104].





4. Results and Discussion


4.1. Flood Hazard Map


All seven datasets corresponding to the flooded areas and flooded-affected areas were merged into one. In this way, a new flood extent map derived from satellite images was obtained (Figure 5).



As the map developed managed to capture the maximum flood extent, the conversion to a flood hazard map with an assigned probability was taken into consideration. To achieve this, a return period was established for the maximum flow rate of 2965 m3/s recorded at Rădăuți-Prut gauging station on 26 June 2020 at 10:00 AM (considering the whole flood event). This value was the only one considered representative for the flood wave, as at Oroftiana gauging station this type of data is not available. In order to carry out this statistical operation within the study area, a sample of the maximum annual flow rates recorded at Rădăuți-Prut gauging station in the last 42 years (from 1978 to 2019) was analyzed.



The flood frequency analysis consisted of: (1) the computation of the mean flood X and standard deviation σx considering the maximum annual flow rates (in our case these values were equal to: X = 996.21 and σx = 755.52); (2) selection of the corresponding values of Yn and Sn from Gumbel’s table (in our case, given the 42 year sample size, the values were 0.5448 and 1.1458, respectively); (3) depending on the given return periods T, the reduced variate YT was calculated using Equation (5); (4) the calculation of the flood frequency factor K using Equation (4); (5) the probable flood discharges corresponding to different return periods and probabilities at Rădăuți-Prut gauging station were computed according to Equation (3). Detailed information about the computational process can be found in Table 3.



Considering the computed flood discharges (Table 3) and the maximum flow rate of 2965 m3/s registered at Rădăuți-Prut gauging, a probability of occurrence and a return period was determined for the flood event that took place between 24 and 27 June 2020, on the middle course of Prut River. Consequently, this led to the conversion of the flood extent map derived initially from Sentinel-1 data into a flood hazard map with an assigned probability of 2.97% and a return period of 33.67 years (Figure 5).




4.2. Flood Wave Development Stages Based of Sentinel-1 SAR Satellite Images


4.2.1. Flood Status on 24 June 2020


On the first day of the flood, the most affected areas were located within the Ukrainian territory and corresponding Prut River sector (Figure 6). Here, during this day, 1609 ha and 1091 ha, respectively, were covered by water. At the same time, the flood wave started spreading across Romania, flooding 951 ha and the Republic of Moldova, where 303 ha were flooded. Meanwhile, the figures within the Romanian–Ukrainian and Romanian–Moldavian shared river sectors stood at 1003 ha and 772 ha. At 4:00 AM (the approximate time of image acquisition), the flow rate registered at Rădăuți-Prut gauging station was 990 m3/s (probability of occurrence 32.84%). The maximum value of the day, 1585 m3/s was recorded at 23:00 PM (probability of occurrence 20.51%) (Table 4).




4.2.2. Flood Status on 25 June 2020


On 25 June, the situation escalated and the flood reached its peak. The most affected country was Ukraine with 2275 ha covered by water, followed by Romania with 1234 ha and Republic of Moldova with 532 ha. Regarding the three river sectors considered, the Romanian–Ukrainian was the most affected (1686 ha). On this day, the total area occupied by water reached 4042 ha (Figure 6). The flow rate recorded at 4:00 AM (the approximate time of image acquisition) at Rădăuți-Prut was 1705 m³/s (probability of occurrence 19.07%). The maximum value of the day, 2610 m³/s, was recorded at 23:00 PM (probability of occurrence 4.97%) (Table 4).




4.2.3. Flood Status on 26 June 2020


Starting on 26 June, the flood wave diminished over Ukrainian territory and shared Romanian–Ukrainian river sector. The flood that considerably affected Ukraine on 24 and 25 June decreased by half in terms of affected areas and remained constant over Romania. During this day, the flood waters began to cover territories located within the Republic of Moldova and Romania, the shared river sector being the most affected (Figure 6). The flow rate recorded at 4:00 AM (the approximate time of image acquisition) at Rădăuți-Prut was 2860 m3/s (probability of occurrence 3.08%). The maximum value of the day and also over the entire duration of the flood, 2965 m³/s, was recorded at 10:00 PM (probability of occurrence 2.97%) (Table 4).




4.2.4. Flood Status on 27 June 2020


On the last day of the flood event, few territories were still covered by water. As the flood wave followed its course, the downstream Romanian–Moldavian sector was the most affected (623 ha) (Figure 6). At 4:00 AM, the flow rate registered at Rădăuți-Prut had a value of 2410 m3/s (probability of occurrence 5.38%). Starting on 28 June 2020, the flow rates dropped below 1000 m3/s marking the end of the flood event (Table 4).





4.3. The Sentinel-1 SAR and Sentinel-2 Optical Data: Applicability and Limitations for Flood Assessment


In this study, an alternative solution for flood hazard map development in complex cross-border regions is presented. In this cases, due to different flood risk management legislative approaches, there is a lack of joint cooperation between the involved countries. As a main consequence, LiDAR high resolution digital elevation models and accurate flood hazard maps obtained by means of hydrological and hydraulic modeling are missing or are incomplete. This is also the case of Prut River middle course, which acts as a natural boundary between Romania and non-EU countries Ukraine and Republic of Moldova. Here, flood hazard maps were developed under EFD by the National Administration “Romanian Waters”, only for the 1% exceeding probability (floods that can occur once at every 100 years), using simplified Geographic Information System (GIS) procedures. For this reason, in order to improve the flood hazard management in the area, alternative solutions were considered. Consequently, such an alternative could rely on the use of Sentinel-1 SAR and Sentinel-2 optical imagery.



The launch of the Sentinel-1 mission in 2014 has significantly improved flood mapping capabilities mainly due to: the mission active radar sensor (SAR) that captures images both day and night (regardless of weather and its characteristics—clouds, fog, aerosols), high spatial resolution (10 m) and also due to the ability to acquire images at shorter intervals of time, even on consecutive days. Therefore, the mapping of floods that occurred in the past using Sentinel-1 SAR data can represent a viable solution in the attempt to identify areas with high flood potential and in the development of flood hazard maps. Sentinel-2 optical imagery has limited application in flood mapping, due to the presence of clouds and other atmospheric impediments during flood events. However, this type of data can complement the Sentinel-1 SAR data and improve the flood monitoring process. This can be realized through flood area delineation within the image’s cloud-free regions and flood-affected areas delineation within post-event images.



Even if the merging of the daily flood extents derived from Sentinel-1 SAR and Sentinel-2 optical imagery led to a map that illustrates a maximum flood extent, which subsequently was considered for conversion to a flood probability map, some limitations regarding the water pixel extraction from Sentinel-1 and Sentinel-2 data needs to be addressed. Among them which is the most challenging is the possibility that in the time interval between the acquisition of the satellite images, some areas may have been flooded and thus missed. This may lead to the underestimation of the flooded areas. To address this challenge and achieve a complete flood characterization, the flood-affected areas were extracted using the 27 June 2020 Sentinel-2 satellite image (acquired in the last day of the flood).



Realizing a flood hazard map with an assigned probability using exclusively satellite imagery is difficult to achieve. This is limited by correlations with statistical data from gauging stations (used to determine the probability of flooding) and by the availability and continuity of satellite images throughout the entire temporal development of the flood event. Regardless of these issues, in an attempt to map a flood event that occurred on the Prut River middle course during 24–27 June 2020, both conditions mentioned above were accomplished and Sentinel-1 SAR and Sentinel-2 optical satellite images managed to capture the daily development stages of the flood event and the flood-affected areas.



In this way, an overview regarding the start date of the flood, the withdrawal rate, the affected areas throughout the flood wave and the maximum extent was obtained. Depending on the surface of the flooded areas within the Sentinel-1 images, we managed to determine that the flood started on Romanian territory on 24 June 2020, reached its peak on 25 June 2020 and experienced a decrease in intensity on 26 June 2020.



Even if the merging of the daily flood extent and flood-affected areas derived from Sentinel-1 SAR and Sentinel-2 optical imagery led to a map that illustrates the maximum flood area, this cannot be considered a flood hazard map as it does not contain any information regarding any exceedance probability. Therefore, following the proposed methodology, a statistical flood frequency analysis based on the maximum flow rate values located at a nearby gauging station—Rădăuți-Prut—was conducted and a flood return period was assigned.





5. Conclusions


One of the most effective methods of reducing the catastrophic impact of floods is the prior scientific assessment of flood hazard, its prediction, modeling and mapping. Flood hazard maps can significantly contribute to reducing the negative effects associated with floods. In recent years, advances in remote sensing and Geographic Information Systems (GIS) have revolutionized flood hazard assessment methodologies, thus facilitating new interdisciplinary approaches. Under certain conditions, remote sensing and time series discharge data can offer an alternative solution for generating flood hazard maps, especially in complex cross-border regions such as in our study area.



Using Sentinel-1 SAR and Sentinel-2 optical data along with GIS, we managed to: (i) capture the maximum extent of a flood event that took place on the middle course of Prut River, a complex cross-border region shared by the EU member Romania and non-EU countries Ukraine and Republic of Moldova, where the flood hazard maps are either incomplete or missing; (ii) develop two simple and efficient water pixel extraction methodologies considering the high contrast between water, water affected areas and land within the Sentinel-1 SAR and Sentinel-2 data; (iii) explore the improved temporal resolution of combined Sentinel-1 SAR and Sentinel-2 optical data and obtain a transboundary flood hazard map with an assigned probability.



This study proved that alternative solutions for flood hazard maps obtained by means of hydrological and hydraulic modeling exist and can be successfully implemented. Considering the legislative and emergency situations issues, determined by the cross-border regions, this kind of methodology can significantly contribute to the improvement of flood risk management and can stimulate international cooperation. Moreover, given the open-source character of Sentinel-1 and Sentinel-2 data and the adaptability of the proposed methodologies, this workflow can be easily extrapolated to other areas where the flood hazard has not been yet regulated and no related information exists.
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	ICPDR
	International Commission for the Protection of the Danube River



	IW
	Interferometric Wide swath



	LiDAR
	Light Intensity Detection and Ranging



	NDVI
	Normalized Difference Vegetation Index



	NDWI
	Normalized Difference Water Index



	SAR
	Synthetic Aperture Radar



	SLC
	Single Look Complex



	SNAP
	Sentinel Application Platform
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	Stripmap



	SRTM
	Shuttle Radar Topography Mission



	ToA
	Top of the Atmosphere



	UTM 35N
	Universal Transverse Mercator—zone 35 North



	WV
	Wave









References


	



Costache, R.; Popa, M.C.; Tien Bui, D.; Diaconu, D.C.; Ciubotaru, N.; Minea, G.; Bao Pham, Q. Spatial predicting of flood potential areas using novel hybridizations of fuzzy decision-making, bivariate statistics, and machine learning. J. Hydrol. 2020, 585, 124808. [Google Scholar] [CrossRef]

	



Dumitriu, D. Sediment flux during flood events along the Trotuș River channel: Hydrogeomorphological approach. J. Soils Sediments 2020, 20, 4083–4102. [Google Scholar] [CrossRef]

	



Romanescu, G.; Stoleriu, C.C.; Mihu-Pintilie, A. Implementation of EU Water Framework Directive (2000/60/EC) in Romania—European Qualitative Requirements. In Water Resources Management in Romania; Negm, A., Romanescu, G., Zeleňáková, M., Eds.; Springer: Cham, Switzerland, 2020; pp. 17–55. [Google Scholar] [CrossRef]

	



Romanescu, G.; Cîmpianu, C.I.; Mihu-Pintilie, A.; Stoleriu, C.C. Historic flood events in NE Romania (post-1990). J. Maps 2017, 13, 787–798. [Google Scholar] [CrossRef]

	



Salit, F.; Zaharia, L.; Beltrando, G. Assessment of the warning system against floods on a rural area: The case of the lower Siret River (Romania). Nat. Hazards Earth Syst. Sci. 2013, 13, 409–416. [Google Scholar] [CrossRef]

	



Huţanu, E.; Mihu-Pintilie, A.; Urzică, A.; Paveluc, L.E.; Stoleriu, C.C.; Grozavu, A. Using 1D HEC-RAS Modeling and LiDAR Data to Improve Flood Hazard Maps Accuracy: A Case Study from Jijia Floodplain (NE Romania). Water 2020, 12, 1624. [Google Scholar] [CrossRef]

	



Romanescu, G.; Mihu-Pintilie, A.; Stoleriu, C.C.; Carboni, D.; Paveluc, L.; Cîmpianu, C.I. A Comparative Analysis of Exceptional Flood Events in the Context of Heavy Rains in the Summer of 2010: Siret Basin (NE Romania) Case Study. Water 2018, 10, 216. [Google Scholar] [CrossRef]

	



Mihu-Pintilie, A.; Cîmpianu, C.I.; Stoleriu, C.C.; Pérez, M.N.; Paveluc, L.E. Using High-Density LiDAR Data and 2D Streamflow Hydraulic Modeling to Improve Urban Flood Hazard Maps: A HEC-RAS Multi-Scenario Approach. Water 2019, 11, 1832. [Google Scholar] [CrossRef]

	



Mihu-Pintilie, A.; Nicu, I.C. GIS-based Landform Classification of Eneolithic Archaeological Sites in the Plateau-plain Transition Zone (NE Romania): Habitation Practices vs. Flood Hazard Perception. Remote Sens. 2019, 11, 915. [Google Scholar] [CrossRef]

	



EM-DAT (Emergency Events Database). The Emergency Events Database of Université Catholique de Louvain (UCL)—CRED, D. Guha-Sapir, Brussels, Belgium. Available online: https://www.emdat.be (accessed on 25 October 2021).

	



Stoleriu, C.C.; Urzică, A.; Mihu-Pintilie, A. Improving flood risk map accuracy using high-density LiDAR data and the HEC-RAS river analysis system: A case study from north-eastern Romania. J. Flood Risk Manag. 2020, 13, e12572. [Google Scholar] [CrossRef]

	



Romanescu, G.; Stoleriu, C.C.; Romanescu, A.-M. Water reservoirs and the risk of accidental flood occurrence. Case study: Stanca–Costesti reservoir and the historical floods of the Prut river in the period July–August 2008, Romania. Hydrol. Process. 2011, 25, 2056–2070. [Google Scholar] [CrossRef]

	



Stoleriu, C.C.; Romanescu, G.; Mihu-Pintilie, A. Using single-beam echo-sounder for assessing the silting rate from the largest cross-border reservoir of the Eastern Europe: Stanca-Costesti Lake, Romania and Republic of Moldova. Carpathian J. Earth Environ. Sci. 2019, 14, 83–94. [Google Scholar] [CrossRef]

	



Costache, R. Flood Susceptibility Assessment by Using Bivariate Statistics and Machine Learning Models—A Useful Tool for Flood Risk Management. Water Resour. Manag. 2019, 33, 3239–3256. [Google Scholar] [CrossRef]

	



Irimescu, A.; Stancalie, G.; Craciunescu, V.; Flueraru, C.; Anderson, E. The Use of Remote Sensing and GIS Techniques in Flood Monitoring and Damage Assessment: A Study Case in Romania. In Threats to Global Water Security. NATO Science for Peace and Security, Series C: Environmental Security; Jones, J.A.A., Vardanian, T.G., Hakopian, C., Eds.; Springer: Cham, Switzerland, 2009; pp. 167–177. [Google Scholar] [CrossRef]

	



Arseni, M.; Rosu, A.; Calmuc, M.; Calmuc, V.A.; Iticescu, C.; Georgescu, L.P. Development of Flood Risk and Hazard Maps for the Lower Course of the Siret River, Romania. Sustainability 2020, 12, 6588. [Google Scholar] [CrossRef]

	



Romanescu, G.; Stoleriu, C.C. An inter-basin backwater overflow (the Buhai Brook and the Ezer reservoir on the Jijia River, Romania). Hydrol. Process. 2013, 28, 3118–3131. [Google Scholar] [CrossRef]

	



Romanescu, G.; Stoleriu, C.C. Exceptional floods in the Prut basin, Romania, in the context of heavy rains in the summer of 2010. Nat. Hazards Earth Syst. Sci. 2017, 17, 381–396. [Google Scholar] [CrossRef]

	



ICPDR (International Commission for the Protection of the Danube River). Flood Action Programme Prut-Siret Sub-Basin. Available online: http://www.icpdr.org/main/activities-projects/flood-action-plans (accessed on 25 October 2021).

	



Kjeldsen, T.R.; Macdonald, N.; Lang, M.; Mediero, L.; Albuquerque, T.; Bogdanowicz, E.; Brázdil, R.; Castellarin, A.; David, V.; Fleig, A.; et al. Documentary evidence of past floods in Europe and their utility in flood frequency estimation. J. Hydrol. 2014, 517, 963–973. [Google Scholar] [CrossRef]

	



Ezzine, A.; Saidi, S.; Hermassi, T.; Kammessi, I.; Darragi, F.; Rajhi, H. Flood mapping using hydraulic modeling and Sentinel-1 image: Case study of Medjerda Basin, northern Tunisia. Egypt. J. Remote Sens. Space Sci. 2020, 23, 303–310. [Google Scholar] [CrossRef]

	



Horritt, M.S.; Bates, P.D. Evaluation of 1D and 2D numerical models for predicting river flood inundation. J. Hydrol. 2002, 268, 87–99. [Google Scholar] [CrossRef]

	



Machado, M.J.; Botero, B.A.; López, J.; Francés, F.; Díez-Herrero, A.; Benito, G. Flood frequency analysis of historical flood data under stationary and non-stationary modelling. Hydrol. Earth Syst. Sci. 2015, 19, 2561–2576. [Google Scholar] [CrossRef]

	



Samela, C.; Albano, R.; Sole, A.; Manfreda, S. A GIS tool for cost-effective delineation of flood-prone areas. Comput. Environ. Urban Syst. 2018, 70, 43–52. [Google Scholar] [CrossRef]

	



Guerriero, L.; Ruzza, G.; Guadagno, F.M.; Revellino, P. Flood hazard mapping incorporating multiple probability models. J. Hydrol. 2020, 587, 125020. [Google Scholar] [CrossRef]

	



Islam, M.M.; Sado, K. Development of flood hazard maps of Bangladesh using NOAA-AVHRR images with GIS. Hydrol. Sci. J. 2000, 45, 337–355. [Google Scholar] [CrossRef]

	



Schumann, G.J.-P.; Domeneghetti, A. Exploiting the proliferation of current and future satellite observations of rivers. Hydrol. Process. 2016, 30, 2891–2896. [Google Scholar] [CrossRef]

	



Huang, C.; Chen, Y.; Wu, J. Mapping spatio-temporal flood inundation dynamics at large river basin scale using time-series flow data and MODIS imagery. Int. J. Appl. Earth Obs. Geoinf. 2014, 26, 350–362. [Google Scholar] [CrossRef]

	



Rahman, M.S.; Di, L. The state of the art of spaceborne remote sensing in flood management. Nat. Hazards 2017, 85, 1223–1248. [Google Scholar] [CrossRef]

	



Sanyal, J.; Lu, X.X. Application of remote sensing in flood management with special reference to monsoon Asia: A review. Nat. Hazards 2004, 33, 283–301. [Google Scholar] [CrossRef]

	



Borah, S.B.; Sivasankar, T.; Ramya, M.N.S.; Raju, P.L.N. Flood inundation mapping and monitoring in Kaziranga National Park, Assam using Sentinel-1 SAR data. Environ. Monit. Assess. 2018, 190, 520. [Google Scholar] [CrossRef] [PubMed]

	



Chowdhury, E.H.; Hassan, Q.K. Use of remote sensing data in comprehending an extremely unusual flooding event over southwest Bangladesh. Nat. Hazards 2017, 88, 1805–1823. [Google Scholar] [CrossRef]

	



Hoque, R.; Nakayama, D.; Matsuyama, H.; Matsumoto, J. Flood monitoring, mapping and assessing capabilities using RADARSAT remote sensing, GIS and ground data for Bangladesh. Nat. Hazards 2011, 57, 525–548. [Google Scholar] [CrossRef]

	



Schumann, G.; Moller, D.K. Microwave remote sensing of flood inundation. Phys. Chem. Earth 2015, 83–84, 84–95. [Google Scholar] [CrossRef]

	



Twele, A.; Cao, W.; Plank, S.; Martinis, S. Sentinel-1- based flood mapping: A fully automated processing chain. Int. J. Remote Sens. 2016, 37, 2990–3004. [Google Scholar] [CrossRef]

	



Amitrano, D.; Martino, G.D.; Iodice, A.; Mitidieri, F.; Papa, M.N.; Riccio, D.; Ruello, G. Sentinel-1 for Monitoring Reservoirs: A Performance Analysis. Remote Sens. 2014, 6, 10676–10693. [Google Scholar] [CrossRef]

	



Landuyt, L.; Verhoest, N.E.K.; van Coillie, F.M.B. Flood Mapping in Vegetated Areas Using an Unsupervised Clustering Approach on Sentinel-1 and -2 Imagery. Remote Sens. 2020, 12, 3611. [Google Scholar] [CrossRef]

	



Malenovský, Z.; Helmut, R.; Cihlar, J.; Schaepman, M.E.; García-Santos, G.; Fernandes, R.; Berger, M. Sentinels for science: Potential of Sentinel-1, -2, and -3 missions for scientific observations of ocean, cryosphere, and land. Remote Sens. Environ. 2012, 120, 91–101. [Google Scholar] [CrossRef]

	



Poursanidis, D.; Chrysoulakis, N. Remote Sensing, natural hazards and the contribution of ESA Sentinels missions. Remote Sens. Appl. Soc. Environ. 2017, 6, 25–38. [Google Scholar] [CrossRef]

	



Gebremichael, E.; Molthan, A.L.; Bell, J.R.; Schultz, L.A.; Hain, C. Flood Hazard and Risk Assessment of Extreme Weather Events Using Synthetic Aperture Radar and Auxiliary Data: A Case Study. Remote Sens. 2020, 12, 3588. [Google Scholar] [CrossRef]

	



Huang, M.; Jin, S. Rapid Flood Mapping and Evaluation with a Supervised Classifier and Change Detection in Shouguang Using Sentinel-1 SAR and Sentinel-2 Optical Data. Remote Sens. 2020, 12, 2073. [Google Scholar] [CrossRef]

	



Li, Y.; Martinis, S.; Plank, S.; Ludwig, R. An automatic change detection approach for rapid flood mapping in Sentinel-1 SAR data. Int. J. Appl. Earth Obs. Geoinf. 2018, 73, 123–135. [Google Scholar] [CrossRef]

	



Romero, N.A.; Cigna, F.; Tapete, D. ERS-1/2 and Sentinel-1 SAR Data Mining for Flood Hazard and Risk Assessment in Lima, Peru. Appl. Sci. 2020, 10, 6598. [Google Scholar] [CrossRef]

	



Tapete, D.; Cigna, F. Poorly known 2018 floods in Bosra UNESCO site and Sergiopolis in Syria unveiled from space using Sentinel-1/2 and COSMO-SkyMed. Sci. Rep. 2020, 10, 12307. [Google Scholar] [CrossRef] [PubMed]

	



Konapala, G.; Kumar, S.V.; Ahmad, S.K. Exploring Sentinel-1 and Sentinel-2 diversity for flood inundation mapping using deep learning. Isprs J. Photogramm. Remote Sens. 2021, 180, 163–173. [Google Scholar] [CrossRef]

	



Burcea, S.; Cică, R.; Bojariu, R. Radar-derived convective storms’ climatology for the Prut River basin: 2003–2017. Nat. Hazards Earth Syst. Sci. 2019, 19, 1305–1318. [Google Scholar] [CrossRef]

	



Bamler, R. Principles of Synthetic Aperture Radar. Surv. Geophys. 2000, 21, 147–157. [Google Scholar] [CrossRef]

	



Moreira, A.; Prats-Iraola, P.; Younis, M.; Krieger, G.; Hajnsek, I.; Papathanassiou, K.P. A Tutorial on Synthetic Aperture Radar. IEEE Geosci. Remote Sens. Mag. 2013, 1, 6–43. [Google Scholar] [CrossRef]

	



Aschbacher, J.; Milagro-Pérez, M.P. The European Earth monitoring (GMES) programme: Status and perspectives. Remote Sens. Environ. 2012, 120, 3–8. [Google Scholar] [CrossRef]

	



Clement, M.; Kilsby, C.; Moore, P. Multi-temporal synthetic aperture radar flood mapping using change detection. J. Flood Risk Manag. 2018, 11, 152–168. [Google Scholar] [CrossRef]

	



Tsyganskaya, V.; Martinis, S.; Marzahn, P.; Ludwig, R. Detection of Temporary Flooded Vegetation Using Sentinel-1 Time Series Data. Remote Sens. 2018, 10, 1286. [Google Scholar] [CrossRef]

	



DeVries, B.; Huang, C.; Armston, J.; Huang, W.; Jones, J.W.; Lange, M.W. Rapid and robust monitoring of flood events using Sentinel-1 and Landsat data on the Google Earth Engine. Remote Sens. Environ. 2020, 240, 111664. [Google Scholar] [CrossRef]

	



Chojka, A.; Artiemjew, P.; Rapiński, J. RFI Artefacts Detection in Sentinel-1 Level-1 SLC Data Based On Image Processing Techniques. Sensors 2020, 20, 2919. [Google Scholar] [CrossRef]

	



Stasolla, M.; Neyt, X. An Operational Tool for the Automatic Detection and Removal of Border Noise in Sentinel-1 GRD Products. Sensors 2018, 18, 3454. [Google Scholar] [CrossRef]

	



Muro, J.; Canty, M.; Conradsen, K.; Hüttich, C.; Nielsen, A.A.; Skriver, H.; Remy, F.; Strauch, A.; Thonfeld, F.; Menz, G. Short-Term Change Detection in Wetlands Using Sentinel-1 Time Series. Remote Sens. 2016, 8, 795. [Google Scholar] [CrossRef]

	



Goumehei, E.; Tolpekin, V.; Stein, A.; Yan, W. Surface water body detection in polarimetric SAR data using contextual complex Wishart classification. Water Resour. Res. 2019, 55, 7047–7059. [Google Scholar] [CrossRef]

	



Schubert, A.; Miranda, N.; Geudtner, D.; Small, D. Sentinel-1A/B Combined Product Geolocation Accuracy. Remote Sens. 2017, 9, 607. [Google Scholar] [CrossRef]

	



Clauss, K.; Ottinger, M.; Leinenkugel, P.; Kuenzer, C. Estimating rice production in the Mekong Delta, Vietnam, utilizing time series of Sentinel-1 SAR data. Int. J. Appl. Earth Obs. Geoinf. 2018, 73, 574–585. [Google Scholar] [CrossRef]

	



Carreño Conde, F.; de Mata Muñoz, M. Flood Monitoring Based on the Study of Sentinel-1 SAR Images: The Ebro River Case Study. Water 2019, 11, 2454. [Google Scholar] [CrossRef]

	



Li, X.; Zhou, Y.; Gong, P.; Seto, K.C.; Clinton, N. Developing a method to estimate building height from Sentinel-1 data. Remote Sens. Environ. 2020, 240, 111705. [Google Scholar] [CrossRef]

	



Perrou, T.; Garioud, A.; Parcharidis, I. Use of Sentinel-1 imagery for flood management in a reservoir-regulated river basin. Front. Earth Sci. 2018, 12, 506–520. [Google Scholar] [CrossRef]

	



Huth, J.; Gessner, U.; Klein, I.; Yesou, H.; Lai, X.; Oppelt, N.; Kuenzer, C. Analyzing Water Dynamics Based on Sentinel-1 Time Series—A Study for Dongting Lake Wetlands in China. Remote Sens. 2020, 12, 1761. [Google Scholar] [CrossRef]

	



Goffi, A.; Stroppiana, D.; Brivio, P.A.; Bordogna, G.; Boschetti, M. Towards an automated approach to map flooded areas from Sentinel-2 MSI data and soft integration of water spectral features. Int. J. Appl. Earth Obs. Geoinf. 2020, 84, 101951. [Google Scholar] [CrossRef]

	



Cordeiro, M.C.R.; Martinez, J.-M.; Peña-Luque, S. Automatic water detection from multidimensional hierarchical clustering for Sentinel-2 images and a comparison with Level 2A processors. Remote Sens. Environ. 2021, 253, 112209. [Google Scholar] [CrossRef]

	



Pahlevan, N.; Sarkar, S.; Franz, B.A.; Balasubramanian, S.V.; He, J. Sentinel-2 MultiSpectral Instrument (MSI) data processing for aquatic science applications: Demonstrations and validations. Remote Sens. Environ. 2017, 201, 47–56. [Google Scholar] [CrossRef]

	



Szantoi, Z.; Strobl, P. Copernicus Sentinel-2 Calibration and Validation. Eur. J. Remote Sens. 2019, 52, 253–255. [Google Scholar] [CrossRef]

	



Huang, W.; DeVries, B.; Huang, C.; Lang, M.W.; Jones, J.W.; Creed, I.F.; Carroll, M.L. Automated Extraction of Surface Water Extent from Sentinel-1 Data. Remote Sens. 2018, 10, 797. [Google Scholar] [CrossRef]

	



Manakos, I.; Kordelas, G.A.; Marini, K. Fusion of Sentinel-1 data with Sentinel-2 products to overcome non-favourable atmospheric conditions for the delineation of inundation maps. Eur. J. Remote Sens. 2020, 53, 53–66. [Google Scholar] [CrossRef]

	



Pulvirenti, L.; Chini, M.; Pierdicca, N.; Boni, G. Use of SAR Data for Detecting Floodwater in Urban and Agricultural Areas: The Role of the Interferometric Coherence. IEEE Trans. Geosci. Remote Sens. 2016, 54, 1532–1544. [Google Scholar] [CrossRef]

	



Singha, M.; Dong, J.; Sarmah, S.; You, N.; Zhou, Y.; Zhang, G.; Doughty, R.; Xiao, X. Identifying floods and flood-affected paddy rice fields in Bangladesh based on Sentinel-1 imagery and Google Earth Engine. Isprs J. Photogramm. Remote Sens. 2020, 166, 278–293. [Google Scholar] [CrossRef]

	



Leroux, L.; Congedo, L.; Bellón, B.; Gaetano, R.; Bégué, A. Land Cover Mapping Using Sentinel-2 Images and the Semi-Automatic Classification Plugin: A Northern Burkina Faso Case Study. In QGIS and Applications in Agriculture and Forest; Baghdadi, N., Mallet, C., Zribi, M., Eds.; Wiley: Hoboken, NJ, USA, 2018; pp. 119–151. [Google Scholar] [CrossRef]

	



Clerici, N.; Valbuena Calderón, C.A.; Posada, J.M. Fusion of Sentinel-1A and Sentinel-2A data for land cover mapping: A case study in the lower Magdalena region, Colombia. J. Maps 2017, 13, 718–726. [Google Scholar] [CrossRef]

	



Truckenbrodt, J.; Freemantle, T.; Williams, C.; Jones, T.; Small, D.; Dubois, C.; Thiel, C.; Rossi, C.; Syriou, A.; Giuliani, G. Towards Sentinel-1 SAR Analysis-Ready Data: A Best Practices Assessment on Preparing Backscatter Data for the Cube. Data 2019, 4, 93. [Google Scholar] [CrossRef]

	



Filipponi, F. Sentinel-1 GRD Preprocessing Workflow. In Proceedings of the 3rd International Electronic Conference on Remote Sensing (ECRS 2019), Online, 22 May–5 June 2019. [Google Scholar] [CrossRef]

	



Mandal, D.; Kumar, V.; Rathaa, D.; Dey, S.; Bhattacharyaa, A.; Lopez-Sanchez, J.M.; McNairn, H.; Rao, Y.S. Dual polarimetric radar vegetation index for crop growth monitoring using sentinel-1 SAR data. Remote Sens. Environ. 2020, 247, 111954. [Google Scholar] [CrossRef]

	



Hu, S.; Qin, J.; Ren, J.; Zhao, H.; Ren, J.; Hong, H. Automatic Extraction of Water Inundation Areas Using Sentinel-1 Data for Large Plain Areas. Remote Sens. 2020, 12, 243. [Google Scholar] [CrossRef]

	



Gašparović, M.; Dobrinić, D. Comparative Assessment of Machine Learning Methods for Urban Vegetation Mapping Using Multitemporal Sentinel-1 Imagery. Remote Sens. 2020, 12, 1952. [Google Scholar] [CrossRef]

	



Mirsoleimani, H.R.; Sahebi, M.R.; Baghdadi, N.; El Hajj, M. Bare Soil Surface Moisture Retrieval from Sentinel-1 SAR Data Based on the Calibrated IEM and Dubois Models Using Neural Networks. Sensors 2019, 19, 3209. [Google Scholar] [CrossRef]

	



Benoudjit, A.; Guida, R. A Novel Fully Automated Mapping of the Flood Extent on SAR Images Using a Supervised Classifier. Remote Sens. 2019, 11, 779. [Google Scholar] [CrossRef]

	



Prasad, K.A.; Ottinger, M.; Wei, C.; Leinenkugel, P. Assessment of Coastal Aquaculture for India from Sentinel-1 SAR Time Series. Remote Sens. 2019, 11, 357. [Google Scholar] [CrossRef]

	



Ahmad, W.; Kim, D. Estimation of flow in various sizes of streams using the Sentinel-1 Synthetic Aperture Radar (SAR) data in Han River Basin, Korea. Int. J. Appl. Earth Obs. Geoinf. 2019, 83, 101930. [Google Scholar] [CrossRef]

	



Liu, Y.; Gong, W.; Xing, Y.; Hu, X.; Gong, J. Estimation of the forest stand mean height and above ground biomass in Northeast China using SAR Sentinel-1B, multispectral Sentinel-2A, and DEM imagery. Isprs J. Photogramm. Remote Sens. 2019, 151, 277–289. [Google Scholar] [CrossRef]

	



Ye, Y.; Yang, C.; Zhu, B.; Zhou, L.; He, Y.; Jia, H. Improving Co-Registration for Sentinel-1 SAR and Sentinel-2 Optical Images. Remote Sens. 2021, 13, 928. [Google Scholar] [CrossRef]

	



Matgen, P.; Hostache, R.; Schumann, G.; Pfister, L.; Hoffmann, L.; Savenije, H.H.G. Towards an automated SAR-based flood monitoring system: Lessons learned from two case studies. Phys. Chem. Earth 2011, 36, 241–252. [Google Scholar] [CrossRef]

	



Chini, M.; Pelich, R.; Pulvirenti, L.; Pierdicca, N.; Hostache, R.; Matgen, P. Sentinel-1 InSAR Coherence to Detect Floodwater in Urban Areas: Houston and Hurricane Harvey as A Test Case. Remote Sens. 2019, 11, 107. [Google Scholar] [CrossRef]

	



Wan, L.; Liu, M.; Wang, F.; Zhang, T.; You, H.J. Automatic extraction of flood inundation areas from SAR images: A case study of Jilin, China during the 2017 flood disaster. Int. J. Remote Sens. 2019, 40, 5050–5077. [Google Scholar] [CrossRef]

	



Gstaiger, V.; Huth, J.; Gebhardt, S.; Wehrmann, T.; Kuenzer, C. Multi-sensoral and automated derivation of inundated areas using TerraSAR-X and ENVISAT ASAR data. Int. J. Remote Sens. 2012, 33, 7291–7304. [Google Scholar] [CrossRef]

	



Liang, J.; Liu, D. A local thresholding approach to flood water delineation using Sentinel-1 SAR imagery. Isprs J. Photogramm. Remote Sens. 2020, 159, 53–62. [Google Scholar] [CrossRef]

	



Lu, J.; Giustarini, L.; Xiong, B.; Zhao, L.; Jiang, Y.; Kuang, G. Automated flood detection with improved robustness and efficiency using multitemporal SAR data. Remote Sens. Lett. 2014, 5, 240–248. [Google Scholar] [CrossRef]

	



Gan, T.Y.; Zunic, F.; Kuo, C.-C.; Strobl, T. Flood mapping of Danube River at Romania using single and multi-date ERS2-SAR images. Int. J. Appl. Earth Obs. Geoinf. 2012, 18, 69–81. [Google Scholar] [CrossRef]

	



Rahman, M.R.; Thakur, P.K. Detecting, mapping and analysing of flood water propagation using synthetic aperture radar (SAR) satellite data and GIS: A case study from the Kendrapara District of Orissa State of India. Egypt. J. Remote Sens. Space Sci. 2018, 21, S37–S41. [Google Scholar] [CrossRef]

	



McFeeters, S.K. The use of the Normalized Difference Water Index (NDWI) in the delineation of open water features. Int. J. Remote Sens. 1996, 17, 1425–1432. [Google Scholar] [CrossRef]

	



Du, Y.; Zhang, Y.; Ling, F.; Wang, Q.; Li, W.; Li, X. Water Bodies’ Mapping from Sentinel-2 Imagery with Modified Normalized Difference Water Index at 10-m Spatial Resolution Produced by Sharpening the SWIR Band. Remote Sens. 2016, 8, 354. [Google Scholar] [CrossRef]

	



Yang, X.; Zhao, S.; Qin, X.; Zhao, N.; Liang, L. Mapping of Urban Surface Water Bodies from Sentinel-2 MSI Imagery at 10 m Resolution via NDWI-Based Image Sharpening. Remote Sens. 2017, 9, 596. [Google Scholar] [CrossRef]

	



Jiang, W.; Ni, Y.; Pang, Z.; Li, X.; Ju, H.; He, G.; Lv, J.; Yang, K.; Fu, J.; Qin, X. An Effective Water Body Extraction Method with New Water Index for Sentinel-2 Imagery. Water 2021, 13, 1647. [Google Scholar] [CrossRef]

	



Bangira, T.; Alfieri, S.M.; Menenti, M.; van Niekerk, A.; Vekerdy, Z. A Spectral Unmixing Method with Ensemble Estimation of Endmembers: Application to Flood Mapping in the Caprivi Floodplain. Remote Sens. 2017, 9, 1013. [Google Scholar] [CrossRef]

	



Gargiulo, M.; Dell’Aglio, D.A.G.; Iodice, A.; Riccio, D.; Ruello, G. Integration of Sentinel-1 and Sentinel-2 Data for Land Cover Mapping Using W-Net. Sensors 2020, 20, 2969. [Google Scholar] [CrossRef] [PubMed]

	



Notti, D.; Giordan, D.; Caló, F.; Pepe, A.; Zucca, F.; Galve, J.P. Potential and Limitations of Open Satellite Data for Flood Mapping. Remote Sens. 2018, 10, 1673. [Google Scholar] [CrossRef]

	



Saravanan, S.; Jegankumar, R.; Selvaraj, A.; Jacinth Jennifer, J.; Parthasarathy, K.S.S. Chapter 20—Utility of landsat data for assessing mangrove degradation in Muthupet Lagoon, South India. Coast. Zone Manag. 2019, 20, 471–484. [Google Scholar] [CrossRef]

	



CM-EMS (Copernicus Mapping—Emergency Management Service). EMSR445: Flood in Romania. Available online: https://emergency.copernicus.eu/mapping/list-of-components/EMSR445 (accessed on 25 October 2021).

	



Gumbel, E.J. The return period of flood flows. Ann. Math. Stat. 1941, 12, 163–190. [Google Scholar] [CrossRef]

	



Bhat, M.; Alam, A.; Ahmad, B.; Kotlia, B.S.; Farooq, H.; Taloor, A.K.; Ahmad, S. Flood frequency analysis of river Jhelum in Kashmir basin. Quat. Int. 2019, 507, 288–294. [Google Scholar] [CrossRef]

	



Farooq, M.; Shafique, M.; Khattak, M.S. Flood frequency analysis of river swat using Log Pearson type 3, Generalized Extreme Value, Normal, and Gumbel Max distribution methods. Arab. J. Geosci. 2018, 11, 216. [Google Scholar] [CrossRef]

	



Kumar, R. Flood Frequency Analysis of the Rapti River Basin using Log Pearson Type-III and Gumbel Extreme Value-1 Methods. J. Geol. Soc. India 2019, 94, 480–484. [Google Scholar] [CrossRef]








[image: Remotesensing 13 04934 g001 550] 





Figure 1. Geographical location of the (a) Prut River basin and (b) the study area found between Ukraine, Romania and the Republic of Moldova. 
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Figure 2. Sentinel-1 SAR (a,c,d,f) and Sentinel-2 optical (b,e) ground-projected imagery collected over the study area (see Figure 1b) during the flood event that took place between 24 and 27 June 2020. 






Figure 2. Sentinel-1 SAR (a,c,d,f) and Sentinel-2 optical (b,e) ground-projected imagery collected over the study area (see Figure 1b) during the flood event that took place between 24 and 27 June 2020.



[image: Remotesensing 13 04934 g002]







[image: Remotesensing 13 04934 g003 550] 





Figure 3. Workflow chart of the study including: (a) SAR data processing: step (1) Sentinel-1 SAR data pre-processing; step (2) water pixel extraction for flood extent delineation; step (3) validation of water pixels extraction using vector overlay analysis and aerial images; step (4) flood extent analysis. (b) Optical data processing: step (1) Sentinel-2 optical data pre-processing; step (2) water pixels extraction (NDWI calculation); step (3) water affected pixels extraction (NDVI calculation); step (4) water pixels validation (see step a3); step (5) extreme flood event analysis. 
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Figure 4. Validation of water pixel extracted using vector, satellite and aerial images overlay analysis: (a) 26 June flood extent in the study area, highlighted over (b) Baranca (Romania)—Vanchykivtsi (Ukraine) and (c) Rădăuți-Prut (Romania)—Lipcani (Republic of Moldova) areas—flooded area extracted from Sentinel-1 SAR images; (d) 27 June flood extent highlighted over Rădăuți-Prut (Romania)—Lipcani (Republic of Moldova) area—flooded area extracted from Sentinel-2 optical images. 
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Figure 5. Daily flood extents derived from Sentinel-1 SAR (24 June, 4:29 AM; 25 June, 4:20 AM; 26 June, 4:09 PM; 27 June, 4:01 PM) and Sentinel-2 optical data (24 June, 9:05 AM; 27 June, 9:20 AM), and the total flood extent later converted to a flood hazard map by means of flood frequency analysis (see Table 3). 
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Figure 6. Daily flood status within the study area considering the Sentinel-1 data and (a) Ukraine, Romania and Republic of Moldova territories; (b) the shared Prut River sectors (see Figure 1b). 
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Table 1. The main characteristics of the Prut River gauging stations located on the Romanian territory (see Figure 1a).
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	Gauge Station
	Year of Inauguration
	Elevation

(m a.s.l.)
	Latitude
	Longitude
	Max. Water Level Recorded (cm)
	Max. Flow Rate Recorded (m3/s)
	Date of Max. Flow Rate





	Oroftiana 1
	1976
	123.47
	48°11′12″
	26°21′04″
	876
	-
	-



	Rădăuți-Prut
	1976
	101.87
	48°14′55″
	26°48′14″
	1130
	4240
	28 July 2008



	Stânca Aval
	1978
	62.00
	47°47′00″
	27°16′00″
	512
	1050
	31 July 2008



	Ungheni
	1914
	31.41
	47°11′04″
	27°48′28″
	654
	796
	8–10 July 2010



	Prisăcani
	1976
	28.08
	47°05′19″
	27°53′38″
	622
	900
	9–10 July 2010



	Drânceni
	1915
	18.65
	46°48′45″
	28°08′04″
	718
	736
	17–18 July 2010



	Fălciu
	1927
	10.04
	46°18′52″
	28°09′13″
	650
	722
	19 July 2010



	Oancea
	1928
	6.30
	45°53′37″
	28°03′04″
	622
	757
	24 April 1979



	Șivița 2
	1978
	1.66
	45°37′10″
	28°05′23″
	-
	-
	-







1 Oroftiana gauge station was designed for measuring only the water level. 2 The Prut flow rate and water level at Șivița gauge station were directly influenced by Danube waters.
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Table 2. Characteristics of the Sentinel-1 SAR and Sentinel-2 optical images used in the study (see Figure 2).
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	ID
	Image Identifier
	Satellite
	Date Acquired/Time
	Product Type
	Mode
	Polarization





	A
	S1A_IW_GRDH_1SDV_20200624T042904_20200624T042929_033154_03D73C_540B
	S1A
	2020-06-24/T04:29:04.880Z
	GRD
	IW
	VV VH



	B
	S2B_MSIL2A_20200624T090559_N0214_R050_T35UMP_20200624T123246
	S2B
	2020-06-24/T09:05:59.024Z
	LEVEL-2A
	-
	-



	C
	S1B_IW_GRDH_1SDV_20200625T042007_20200625T042036_022185_02A1B4_C73E
	S1B
	2020-06-25/T04:20:07.597Z
	GRD
	IW
	VV VH



	D
	S1B_IW_GRDH_1SDV_20200626T160915_20200626T160940_022207_02A256_2724
	S1B
	2020-06-26/T16:09:15.797Z
	GRD
	IW
	VV VH



	E
	S2B_MSIL2A_20200627T092029_N0214_R093_T35UMP_20200627T121756
	S2B
	2020-06-27/T09:20:29.024Z
	LEVEL-2A
	-
	-



	F
	S1A_IW_GRDH_1SDV_20200627T160148_20200627T160213_033205_03D8C4_F195
	S1A
	2020-06-27/T16:01:48.625Z
	GRD
	IW
	VV VH
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Table 3. Flood frequencies estimated according to Gumbel’s distribution method at Rădăuți-Prut gauge station on the Prut River (see Figure 1b).
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	Return Period (T) in Years
	Probability of Occurrence (%)
	Reduced Variate (Yt)
	Frequency Factor (K)
	Computed Flood Discharges (XT) (m³/s)





	1000
	0.1
	6.907255
	5.5528495
	5191.5417



	100
	1
	4.600149
	3.539316
	3670.2634



	33.3
	3
	3.491366
	2.571624
	2939.1456



	20
	5
	2.970195
	2.116770
	2595.4911



	10
	10
	2.250367
	1.488538
	2120.8451



	5
	20
	1.499939
	0.833600
	1626.0222
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Table 4. The maximum flow rates recorded during the flood event at the Rădăuți-Prut gauge station and the corresponding probability of occurrence estimated using the Gumbel’s method.
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	Date
	Flow Rate (m3/s)/Time of Image Acquisition
	Probability of Occurrence (%)/Time of Image Acquisition
	Maximum Flow Rate (m3/s) of the Day
	Maximum Probability of Occurrence (%) of the Day





	24 June 2020
	990/4:29 AM
	32.84/4:29 AM
	1585
	20.51



	25 June 2020
	1705/4:20 AM
	19.07/4:20 AM
	2610
	4.97



	26 June 2020
	2860/4:09 PM
	3.08/4:09 PM
	2965
	2.97



	27 June 2020
	2410/4:01 PM
	5.38/4:01 PM
	-
	-
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