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Understanding the influence of the hydrological regime changes, encompassing both the duration and spatial extent of floods, is explored, through this paper, in the context of the complex interactions of the geological, geomorphological and climate change conditions. Integrating these parameters and their combined influence becomes paramount for effective flood risk management and disaster prevention, as highlighted in the broader context of the study’s conclusions. Over the past decade, despite prevailing drought conditions in North African countries, the Mejerda Valley in Tunisia has experienced several major flood events. The valley geomorphological history is presented, within the landscape evolution. This study explores the use of Sentinel-1 radar data for detecting and managing floods in the region, with a particular emphasis on the vulnerability of the Lower Mejerda Valley. Sentinel-1 radar data, owing to their continuous monitoring capabilities independent of weather conditions, prove highly effective in tracking the temporal evolution of floods and accurately mapping the extent of affected areas. The methodology utilized in this study has proven to be highly effective in accurately identifying areas susceptible to flooding, both spatially and temporally. In generating classified flood images, water objects are highlighted by applying a specific formula. The study delves into significant flood events in the Mejerda Valley, including occurrences in 2015, 2017, 2019, and 2020, examining their profound impacts on various regions. For instance, the floods of 2015 recorded precipitation levels reaching up to 141 mm, contributing to the overall understanding of flood evolution in the region. In conclusion, the Mejerda Delta’s relief is primarily due to tectonism, influencing both Mio-Pliocene and Quaternary processes, shaping the current delta configuration. The Valley’s topography results from extensive geomorphological evolution, with the eastward shoreline advance leading to the formation of sebkhas and lagoons, indicators of high flood risk, supported by detailed flood event analysis. Moreover, The climate change and anthropic activity are non-negligible parameters influencing flood occurrence and intensity.
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1 INTRODUCTION
Floods, sudden natural disasters, profoundly impact diverse ecological elements, natural resources, agriculture, human activities, and economies. The repercussions extend to ecosystems, biodiversity, water quality, and result in substantial economic losses, including property destruction, crop failures, infrastructure damage, and human casualties (Llasat et al., 2014; Caretta et al., 2022). In the Mediterranean region, Tunisia consistently faces catastrophic floods triggered by intense rainfall, leading to significant material damage and loss of human lives (Llasat et al., 2014). Moreover, in the context of disaster risk mitigation, the importance of geomorphological mapping emerges as a pivotal tool, as highlighted by AQ Román’s 2022 study. This study accentuates the practical application of geomorphometry, emphasizing its efficacy in identifying areas susceptible to floods (Quesada-Román, 2022) [].
These extreme weather events are likely to be exacerbated by ongoing climate change. Extreme precipitation in Tunisia has increased over the past decades, thereby increasing the risk of flooding. Despite the severe consequences in terms of loss of human lives and economic devastation, there is a noticeable increase in vulnerability to such events, primarily attributed to urban expansion and land use changes (Zahar et al., 2008; Fehri, 2014). In the Northeast of Tunisia, we are interested in the lower valley of the Mejerda, drained by the largest river in the Maghreb, namely, Mejerda. It is a vulnerable region to floods due to its low elevation relative to sea level. According to the data from the Digital Terrain Model (MNT), the majority of the studied area is situated at less than 10 m above sea level (Fehri, 2014; Pleuger et al., 2019). Floods pose a major threat to populations and ecosystems in this valley. Over the past decades, several significant floods have caused considerable damage to agricultural lands and infrastructure. In 1969, a major flood affected approximately 10,000 people, also in January 2003, March 2012, March 2015, and so on. Data from the General Directorate of Water Resources (DGRE) indicated that the Mejerda’s water levels exceeded 240 m3/s threshold in February, March 2015 (Table 1). The cities along the riverbanks and the agricultural lands in this area require more protection against such risks. Studies have demonstrated that the Mejerda has undergone significant changes throughout historical times (Ben Mosbah et al., 2010; Jebari et al., 2012; Delile et al., 2015; Gharbi et al., 2016; Benmoussa et al., 2018; Kotti et al., 2018). Its course has changed multiple times over the past millennia, leading to alterations in the region’s topography and an increase in flood risks (Pimienta, 1959; Jauzein, 1971; Paskoff, 1994; Ben Mosbah et al., 2010; Kotti et al., 2018; Mouri, 2018). To mitigate flood risks, simulating the extent of floods is crucial in order to assess the most vulnerable areas and implement prevention and risk management measures. Studies have shown that hydraulic modeling can provide accurate results regarding the spread of floods and help identify high risk zones (Delile et al., 2015; Benmoussa et al., 2018; Mouri, 2018). Simulating flood extent can also assist in evaluating the impact of climate changes on future floods in the region. A comparative study was conducted to assess the effectiveness of two flood simulation models in Tunisia, revealing the potential of ERA5 data in data scarce regions for flood modeling (Cantoni et al., 2022). The study utilized a hydrological and hydraulic model to accurately predict flood flow rates and inundation levels (Cantoni et al., 2022). Generating flood maps from hydrological models requires an updated Digital Elevation Model (DEM) as well as a database to model the effects of obstacles on the flow of floodwaters in floodplains. Other studies have been conducted to map the Mejerda delta plain using Geographic Information Systems (Kotti and Hermassi, 2022), as well as optical remote sensing (Samaali et al., 2010; Samaali et al., 2019). However, the latter method is constrained by cloud cover, which hinders the use of these images.
TABLE 1 | Summary of Historic Floods and Flash Floods of lower Mejerda valley.
[image: Table 1]Synthetic Aperture Radar (SAR) stands as a robust and extensively employed instrument for flood detection, exhibiting its prowess across diverse locales (Townsend and Foster, 2002). A multitude of studies carried out worldwide has underscored the efficacy of Sentinel-1 SAR imagery in delineating flood extents (Ezzine et al., 2020). Noteworthy methodologies have been harnessed in research endeavors spanning regions like Bangladesh (Uddin et al., 2019), Pakistan (Zhang et al., 2020), and Saudi Arabia (Elhag and Abdurahman, 2020), casting light on flood mapping employing SAR data. These instances accentuate the pivotal role of SAR tools, particularly the Sentinel-1 SAR images, in the precision and expediency of flood monitoring. SAR imagery remains unfazed by weather conditions and temporal constraints, radiating electromagnetic waves consistently. This attribute bestows a dependable means for appraising and charting floods. Through the fusion of SAR data with sophisticated processing and analytical techniques, the rapid identification of flood extents comes to fruition. This, in turn, furnishes indispensable insights for crisis management and strategic flood mitigation planning (Tan et al., 2023). Furthermore, the mapping of floods via Sentinel-1 SAR imagery has been adeptly executed utilizing the Otsu method, furnishing invaluable discernment into flood proportions and gravity (Tan et al., 2023). Progress in SAR based technology has made momentous strides in fortifying disaster management and mitigation endeavors, prominently evident in the near real time mapping of inundated zones. The Sentinel-1 satellite constellation, encompassing Sentinel-1A and Sentinel-1B, assures comprehensive global coverage with revisits every 6 days, thus facilitating the sustained accumulation and archival of calamity related data (Raspini et al., 2017).
Through this study, we present a methodological approach tailored for a geographically significant area of interest the lower Mejerda valley characterized by undefined and ever changing boundaries. Our methodology aims to offer effective solutions for mapping flood risk in the Lower Mejerda Valley, harnessing the capabilities of Synthetic Aperture Radar (SAR) technologies.
The paper is structured into four distinct sections. After this introductory segment, the second section, titled “Materials and Methods,” expounds on the study area, datasets employed, and the adopted workflow. The subsequent section delves into the development, testing, and validation of the obtained results. Finally, the concluding section engages in a comprehensive discussion of the previously presented data, accompanied by enumerating noteworthy observations and insights.
1.1 The Mejerda River and basin characteristics
Northern Tunisia is characterized by natural regions, including the Kroumirie, Mogods Mountains, the Mejerda Valley, the Haut Tell, and the Cap Bon Peninsula (Figure 1). In the northwestern part of this region, the terrain is structured into topographic units perpendicular to the flow of the hydrographic network, leading to various local climatic contrasts. In the northeastern area, the relief is less pronounced, and the runoff is often directed towards the sea. This region corresponds to the country’s humid Mediterranean domain and is mainly structured around the Mejerda River and its tributaries (Gharbi et al., 2016). The Mejerda River, historically known as “Bagrada” or “Baraada” (Paskoff, 1978), originates in Algeria and remains the only perennial river in a country dominated by typically seasonal wadis. It can be classified as a river (Mouri, 2018) spans 600 km, with 484 km located in Tunisia. Other rivers, such as Miliane, are of lesser importance. In the actual Gulf of Tunis, or the ancient Gulf of Utica, Mejerda characterized a Messinian fluvial canyon (Figure 1) filled with Zanclean clays, attested by 2D seismic data interpretation by El Euch-El Koundi et al. (El Euch-El Koundi et al., 2009).
[image: Figure 1]FIGURE 1 | Hillshade map showing the Mejerda River, tributaries, its Messinian canyon (Raspini et al., 2017) and Mountain ranges.
The Mejerda (Figure 1) characterizes the most extensive and hierarchically structured hydrological basin in Tunisia. It covers an area of 23,700 km2, with 32% of it located in eastern Algeria (Pimienta, 1959; Guilcher, 1960). The Mejerda originates in the high mountains (1,300 m in altitude) near Souk Ahras in Algeria, formed by Upper Cretaceous and Eocene limestone, and then flows into the Gulf of Tunis. The tributaries on the right bank (Wadi Mellègue, Wadi Siliana (Niox, 1890), etc.; Figure 1) cut through the northern slopes of the Dorsal Range and the Tellian plains (David, 1956). The tributaries on the left bank drain the southern slopes of the Kroumirie and the plains of Béja (Wadi Bou Heurtema, Wadi Béja, etc.). The Mejerda basin supplies the majority of surface water and provides water to nearly 38% of the Tunisian population. Seven major dams have been built in this basin and are considered the largest in the country. Other dams are also planned (Mammou and Louati, 2007), either to increase storage capacity or to replace silted up dams.
Many historical documents indicate that Mejerda served as a navigable waterway during the Numidic and Punic eras (refer to reviews in (Kotti et al., 2018). The Phoenicians engaged in maritime commerce along this river, which allowed them to interact with the Numidic communities and access distant regions situated on the plateau of Constantine. During the Punic civilization, Mejerda supplied the city of Utica and later Carthage (Figure 2), along with their respective harbors. The river’s navigability seems highly probable due to its morphology and substantial width, ranging from 35 to 170 m (Lancel, 1999; Abidi, 2007; Pleuger et al., 2019). This indicates that Carthaginian trade vessels (maximum width 5 m) and war ships (maximum width 7.4 m) could feasibly navigate the waterway (Lancel, 1999). Throughout history, Mejerda consistently remained a (Pleuger et al., 2019) crucial lifeline for the Punic maritime empire. The remnants of the illustrious city of Utica, which was a port during the Punic and Roman eras, are now located more than 12 km inland. It is estimated that an area of at least 300 km2 has been gained from the sea since antiquity and is now primarily used for modern agriculture. However, this gain itself represents only the latest anthropogenic stage of a natural process that has been occurring over a much longer period, starting well before historical times, since the early Holocene (Gharbi et al., 2016). The process of alluvial filling can be traced back to around 6,000 years before the present, at the end of the post glacial transgression. At that time, a marine gulf extended to the current locations of Tebourba and Jedeïda, where the Mejerda River flowed into the sea through a sort of estuary. The maximum extension of land covered by water during exceptional floods, such as those of 1931 or 1973, gives rise to the current plain of the Lower Mejerda (Figure 2).
[image: Figure 2]FIGURE 2 | Hillshade map of the Lower Mejerda Valley highlighting Mejerda paleochannels (from 1 to 9, old to recent), based on reconstructions of Ben Mosbah et al. (2010), Delile et al. (2015), Jauzein, (1971), Jebari et al. (2012), Paskoff, (1994), Paskoff and Trousset, (1992), Pimienta, (1959), Pleuger et al. (2019), and Sinus Uticensis as presented by Chelbi et al. (1995), Oueslati et al. (2006) and Pleuger et al. (2019).
The hydrological subbasin “Lower Mejerda” extends from the Sidi Salem Dam upstream of the city of Testour to the Gulf of Tunis, between Cap Farina and Cap Gammart (Oueslati et al., 2006). A series of ancient, successive, and abandoned river channels in the recent evolution of the deltaic plain attests to the significant alluvial deposits. In its downstream part, the Mejerda River has an average annual flow of about 30 m3/s (Oueslati et al., 2006). However, its flow, much like the Mediterranean rainfall, exhibits very marked seasonal variations. During low flow periods, the discharge can reduce to less than 1 m3/s, while during decennial floods, it can reach 1,000–1,200 m3/s (Collet, 1953; Claude et al., 1976). In certain meteorological events, the river can reach true river like conditions. For example, the exceptional rains of March 1973 resulted in a flow of 3,500 m3/s (Claude et al., 1976). The solid discharge of the Mejerda River is estimated at 17 million tons per year (Miossec, 1975), with concentrations of 10 g/L in average waters and 30 g/L during floods. Values of around 100 g/L are reached during very heavy rains, such as those in March 1973. Mostly, the transported sediment consists of fine particles, with an average particle size below 0.2 mm (Miossec, 1975).
2 MATERIALS AND METHODS
2.1 Image data
The dataset utilized in this research consists of spaceborne Synthetic Aperture Radar (SAR) image, specifically the Sentinel-1 GRDH imagery (Table 2). These datasets were acquired for the purpose of pre flood area observation, as well as the observation and mapping of flooded areas.
TABLE 2 | Main characteristics of S-1A (https://sentinel.esa.int/web/sentinel/missions/sentinel).
[image: Table 2]Table 3 provides detailed information about the SAR imagery dataset used in this study. The images were obtained from the Sentinel-1 C-SAR satellite and were acquired at different dates. Specifically, five distinct inundation events that impacted the study area were investigated, with acquisitions made on 21 February 2015, 5 March 2015, 4 June 2017, 10 June 2017, 9 September 2019, 10 September 2019, 22 October 2019, 28 October 2019, 4 September 2020, and 10 September 2020. These dates provide extensive temporal coverage to analyze the changes and impacts of the different events on the study region.
TABLE 3 | Details of the SAR imagery dataset.
[image: Table 3]2.2 SAR data analysis
The methodology adopted for processing Sentinel-1 SAR GRD (Ground Range Detected) images followed a series of steps. The preprocessing, processing, and analysis were performed using SNAP 9.0. The images underwent radiometric calibration to extract the backscattering coefficients. To address geometric distortions, a Range Doppler terrain correction was applied, and SRTM data was used for geocoding and correcting topographic deformations (geometric correction accuracy <1 pixel). The resulting images were projected onto an output image with 10m pixel spacing, expressed in WGS84 lat long geographic coordinates for the Tunisian study area. Following the terrain correction, a speckle filter (Lee refined) was applied using a 7x7 window, as described by Lee et al. (1994), to reduce noise and enhance image quality. Additional noise removal was performed using histogram equalization techniques. Subsequently, change detection was carried out through band math operations, binarization, and flood specific thresholding. These operations facilitated the identification and differentiation of flood affected areas from the surrounding regions. Finally, the flood mapping was conducted by integrating the results obtained from the previous steps. This methodology was applied to a dataset consisting of 10 pre and post flood Sentinel-1 images, capturing significant flood events in the study area. Figure 3 provides a visual representation of the various processing steps involved in characterizing floods, analyzing landscape changes, and generating flood zone maps.
[image: Figure 3]FIGURE 3 | Flow chart of our synthetic aperture radar (SAR) image flood mapping method of lower Majerda valley.
2.3 Thresholding and identification of water pixels
In the process of creating a new classified image, a specific formula was applied to represent water objects. A value of 255 was assigned to water objects by lowering the backscattering threshold to 2.22E-2, although this may vary depending on the image quality. For higher values, a value of 0 was assigned. This operation was performed using the following expression in the Expression field: 255*(Sigma0_VV<2.22E-2).
The expression (Sigma0_VV<2.22E-2) generates a logical “true” value (1) when the values are less than 2.22E-2, and a logical “false” value (0) for higher values. By multiplying the result by 255, a new image was created where water objects are represented by a value of 255, while other values are set to 0 (Kussul et al., 2011).
3 RESULTS
3.1. Flood occurrences and surface water map
3.1.1 27 February 2015 event
The 2015 event primarily occurred in the middle valley of the Mejerda River, specifically in the cities of Jendouba and Boussalem, with precipitation amounts reaching 141 mm. During this period, the disaster response committee recorded numerous interventions aimed at assisting the affected individuals. Between February 25th and 27th, a total of 65 operations were conducted for water evacuation, 12 interventions were carried out for road clearance, and 42 others were performed to provide aid to the affected citizens. One consequence of the rising waters of the Mejerda River was observed on March 3rd in the delta plain, where a section of the regional road N° 53 was severed, stretching from the Raoued intersection to Kalaât Al Andalus. These measures were taken to ensure the safety of residents and minimize the risks associated with flooding. https://www.leaders.com.tn/article/16494. Figure 4 depicts the extent and location of the flooded areas recorded in the SAR images from 5 March 2015. The waters flowing from the middle valley reached the lower valley after approximately 1 week. The red arrows clearly indicate the location of the affected areas.
[image: Figure 4]FIGURE 4 | Extent and location of flooded areas: Comparison of images from 21 February 2015 and 05 March 2015.
3.1.2 06 June 2017 event
On 6 June 2017, Northern Tunisia was struck by a remarkable storm, experiencing over 70 mm of rainfall in just 25 min, accompanied by strong winds, intense precipitation, and hail. Severe weather conditions affected the country, resulting in two fatalities and significant material damage in the Tunis metropolitan area. The event was primarily localized in the southern part of the Mejerda delta plain, belonging to Greater Tunis, particularly the northeastern region of the Manouba governorate. Two individuals lost their lives due to the severe weather, and extensive damage occurred as a result of flooding, including damaged roads and flooded houses. The governorate of Ariana was also heavily impacted, with numerous houses being flooded and roads severely damaged. The consequences of this storm had a significant impact on the region. https://wikimonde.com/article/
Figure 5 presents a visual comparison of the extent of flooded areas between pre flood and post flood images, after undergoing radiometric and geometric calibration processes. Additionally, a speckle filter was applied to enhance the visual quality of the SAR data used. In the pre flood image from 4 June 2017, the affected areas are depicted with lighter tones, indicating low soil moisture. However, in the post flood image from 10 June 2017, new flooded areas are clearly distinguishable with significantly darker colors. These intense colors reflect heavily water saturated terrains, including the presence of stagnant water. This condition is a direct result of heavy precipitation primarily occurring in the vicinity of Sabkhet Ariana and surrounding areas. It is important to note that this rainfall event was localized in nature. In the pre flood image from 4 June 2017, the affected areas are depicted with lighter tones, indicating low soil moisture. However, in the post flood image from 10 June 2017, new flooded areas are clearly distinguishable with significantly darker colors. These intense colors reflect heavily water saturated terrains, including the presence of stagnant water. This condition is a direct result of heavy precipitation primarily occurring in the vicinity of Sabkhet Ariana and surrounding areas. It is important to note that this rainfall event was localized in nature.
[image: Figure 5]FIGURE 5 | Extent and location of flooded areas: Comparison of images from 4 June 2017 and 10 June 2017 after the event of 6 June 2017.
3.1.3 10 September 2019 event
Following a few minutes of heavy rainfall on Tuesday, 10 September 2019, with precipitation amounts generally ranging between 30 and 50 mm, several neighborhoods and roads were flooded. The most significant damage occurred in the Ariana governorate, with numerous houses being flooded and roads being cut off. La Soukra, Ariana Ville, Les Menzah, and other cities were affected by these torrential downpours. Even the capital city of Tunis was impacted, resulting in individuals being stranded by the rising waters. https://kapitalis.com/tunisie/2019/09/11/
Figure 6 provides a visual interpretation of the changes that occurred before and after the precipitation, with an image capture dated September 9th and another on September 10th. The two images reveal striking contrasts in the studied landscape, located at the mouth of the Mejerdah River, in the southern terrain of the Ghar el Melh lagoon and Kalaât Al Andalus.
[image: Figure 6]FIGURE 6 | SAR visual contrasts: before and after precipitation in the Mejerda River, September 9–10, 2019.
The September 9th image shows a dry and arid landscape, where the terrain appears clear and devoid of any moisture, indicating the prevailing arid conditions in the locality prior to the rains. In contrast, the September 10th image presents a completely different perspective. The terrain is now saturated with abundant moisture, with the notable presence of extensive dark areas and stagnant waters. These changes reflect the impact of the rains and floods on the locality.
One significant aspect of this event is its nonlocalized nature, signifying a profound impact across the entire delta plain. This observation underscores the substantial magnitude of precipitation, capable of triggering extensive flooding in the region. Figure 7 intricately illustrates the rainfall impact using a multitemporal color composition, with varying shades of green highlighting affected areas. Intense green zones indicate areas submerged by floodwaters, emphasizing the force and significance of flows in the downstream Mejerda basin. This mapping serves as a potent tool for a clear visualization of the most affected areas, facilitating the identification of the prevailing direction of water flow. Figure 7 presents a multitemporal representation in RGB color, spanning from September 9th to 10 September 2019. Notably, the event occurred in the afternoon of September 10th, with the image captured on the same day at 9 PM. This timeframe is crucial for comprehending the event’s impact, aligning with the most critical days in terms of precipitation intensity and flood formation. The vibrant green coloring of the flooded areas not only emphasizes the magnitude of the impact but also provides valuable insights for assessing the extent of flood damage.
[image: Figure 7]FIGURE 7 | Multitemporal RGB mapping of flooding extent in the Mejerda delta region during September 9–10, 2019.
3.1.4 28 October 2019
Between October 27th and 28th, 2019, torrential rains ranging from 52 to 78 mm led to extensive flooding and severe traffic congestion. This event caused road closures and disruptions in neighborhoods across the Ariana governorate, lasting for several hours. The substantial amount of water was especially noteworthy due to its rapid accumulation within a brief timeframe. The red arrows in Figure 8 clearly indicate the position and extent of the flooded areas. These areas are primarily situated in the lowest terrains of the Manouba and Kalaât Al Andalus regions, with some sections also identified within the Ariana governorate.
[image: Figure 8]FIGURE 8 | Extent and location of flooded areas: Comparison of images from 22 October 2019 and 28 October 2019.
3.1.5 10 September 2020 event
10 September 2020, heavy rains fell over the Greater Tunis area (Tunis, Ariana, Manouba, Sijoumi), resulting in the paralysis of road traffic. The flooding also led to the suspension of certain metro lines and caused damage to several infrastructures. https://www.arabnews.fr/node/158491.
The analysis of the images presented in Figure 9 allows for mapping and distinguishing the flooded areas before and after the floods. Appropriate processing techniques have been applied to enhance the quality and visual interpretation of these images. The results reveal that the areas affected by this flood event are primarily concentrated in the vicinity of Sabkhet Essijoumi. These areas exhibit clear signs of flooding, with a darker coloration indicating high soil saturation and potentially the presence of stagnant water.
[image: Figure 9]FIGURE 9 | Extent and location of flooded areas: Comparison of images from 09 September 2020 and 10 September 2020 after the event of 10 September 2020.
3.2 Flood occurrences and surface water map
In recent years, despite the overall drought experienced in North African countries, the Mejerda River valley in Tunisia has witnessed several major flood events. Among the cases studied, we can mention the 2015 flood, which particularly affected the cities of Jendouba and Boussalem, with precipitation reaching up to 141 mm. In 2017, another flood event, although localized, caused flooding in the region. This was followed by floods in September 2019 that affected multiple neighborhoods, including the capital, Tunis. In October 2019, torrential rains led to traffic congestion and significant floods, while the flood in September 2020 paralyzed road traffic and damaged infrastructure (Figure 10). The use of Sentinel-1 radar data has played a crucial role in detecting and managing these flooded areas. Sentinel-1 radar data offer a constant monitoring capability independent of weather conditions, making them particularly effective for tracking the evolution of floods over time and accurately mapping the extent of the affected areas. When combined with topographic and geological analyses, this radar data provides a comprehensive understanding of the region’s vulnerability to floods.
[image: Figure 10]FIGURE 10 | Localization of Flooded Areas Identified from Sentinel-1 Data: Superimposition on Digital Elevation Model for Various Events. (A) 5 March 2015, (B) 10 June 2017, (C) 10 September 2019, (D) 28 October 2019, (E) 10 September 2020.
The regulation of rivers (i.e., Dams constructions) have far reaching implications (Lee et al., 1994). The hydroperiod regime encompasses both the duration and spatial extent of flooding, and when modified by human intervention, it can lead to significant consequences. While changes in river flow due to factors like dam construction or climate change can be analyzed using long term hydrologic and climatic records, assessing the spatial effects of these hydrologic changes poses challenges. Here, we provide an illustration of flood water inundation of lower the Mejerda Valley lowland plain, which depressions are especially vulnerable to flooding, often annually. Along the topographic profile (Figure 11), the Sebkhat Ariana, Garaât Mabtouha and Mejerda river are few meters higher than the actual sea level. The most important floods that damaged this zone since 2015 are studied and mapped (Figure 11). We note that the damaged areas are linked to actual topographic anomalies, e.g., Sebkhas, Garaâts and lakes (Figure 11).
[image: Figure 11]FIGURE 11 | Multitemporal floods mapping in the Lower Mejerda Valley and surrounding areas. Localizations for 5 March 2015; 10 June 2017; 10 September 2019; 28 October 2019; and 10 September 2020. Notice that the topographic profile (S on the map) presents the topography of the valley, together with some landscape features, such as Sebkhat Ariana and Kechabta Mountains.
4 DISCUSSIONS
4.1 The lower Mejerda Valley: geological background
Mesozoic to Quaternary series outcrops in the study area (Figure 12). The study area Except the evaporitic Triassic deposits, corresponding to Lagoonal to marine subsiding epicontinental facies (Khelil et al., 2021), the Meso Cenozoic series are mostly clays and carbonates, with Oligocene sands to the top (Figure 13A). These formations are deposited in a marine environment. The Neogene and Quaternary sedimentation is characterized by continental/lagoonal fluvial deltaic environment, except the Pliocene open marine sediments (Figure 13B). The fluvial deltaic Kechabta formation is
[image: Figure 12]FIGURE 12 | Simplified geological map of the study area, from Sidi Salem Dam to Mejerda mouth eastward.
[image: Figure 13]FIGURE 13 | (A) Stratigraphy summary (Khelil et al., 2021) of the outcropping series from Triassic to recent and (B) detailed lithostratigraphic Column (Harrab et al., 2013) of Miocene to actual deposits and their depositional environment.
Very thick, reaching 1,200 m (El Euch-El Koundi et al., 2022), indicating important subsidence [Figure 14 (Bejaoui et al., 2017; Gaidi et al., 2020; Khelil et al., 2021)] during the Late Miocene, simultaneously to the docking of the Kabylies against Africa (Frizon De Lamotte et al., 2000; Frizon De Lamotte et al., 2009; Khomsi et al., 2016; Booth-Rea et al., 2018; Khomsi et al., 2019; Camafort Blanco et al., 2020; Khelil et al., 2021; El Euch-El Koundi et al., 2022). Recent work by El Euch-El Koundi et al. (2022) on the Chaabet Tabela formation confirmed the importance of the tectonic activity, with the climate, controlling the alluvial fan deposits. Thus, tectonic activity [Figure 14; See e.g. Camafort Blanco et al. (2020); Gaidi et al. (2020); Khelil et al. (2021)] uplifted the Mogods and the Haut Tell mountain ranges (Figure 1) and caused important erosion, degradation, and incision. Then, the Pliocene to recent times are characterized by a transgression and an open marine sedimentation.
[image: Figure 14]FIGURE 14 | Geological cross sections crossing the Utique plain: (S1) redrawn from Khelil et al. (2021) and (S2) redrawn from Bejaoui et al. (2017). Note the tectonic uplift to the North (Thrusting and folding) and west (Normal and listric faulting) of the Utique plain, which is characterized by an important subsidence during Late Miocene to Quaternary. Positions are given in Figure 12.
4.2 Lower Mejerda Valley geomorphological history and observed floods
Our goal is to distinguish the relative influences of the paleo topography and the delta evolution on flood distribution. By employing a multidisciplinary approach, we aim to understand the geological history of the Lower Mejerda Valley, spanning from the Late Messinian period to the present day. This approach allows us to connect the region’s geomorphological evolution with contemporary flood risks and areas susceptible to damage.
The topography analysis through the presented profile of Figure 11 indicates that Mejerda River (+11 m), the Sabkhet Ariana (0 m) and Garâat Mabtouha (+6 m) characterize a lowland plain. It corresponds to the ancient deltas of the Mejerda: (1) Late Pliocene delta characterized by an open marine deposit environment. The delta emerged except for a few islands, like Sidi Bou Said Island (Figure 15). This paleodelta sediments prograde to the East and then the shoreline evolve to form by 6000 BC the second paleo delta, namely, (2) Sinus Uticensis (e.g., Chelbi et al. (1995); Jauzein, (1971); Paskoff, (1994); Paskoff and Trousset, (1992); Pleuger et al. (2019). The Gulf of Utica is well studied and lithostratigraphic logs [W1 and W2 of Figure 15; Pleuger et al. (2019)] from the region exhibit a recent evolution from a marine to lagoonal to fluvial/alluvial environments. Along this basin filling history, the coastal lagoonal system is (Chelbi et al., 1995) moving eastward (see profiles of Figure 15), together with the shoreline (Figure 15) and the progradation of the sediments. As discussed earlier within the Lower Mejerda Valley, the mapped damage areas (Figure 11) are linked to the present day Sebkhas (e.g., Sabkhat Ariana), lagoons (e.g., Ghar Melh Lagoon) or paleo sabkhas/paleo lagoons (e.g., Garâat Mabtouha and Garâats to the North of Raoued). Thus, the Mejerda delta and its associated lagoonal system evolution seem to deeply control the flood risk, especially regarding the Gulf of Utica.
[image: Figure 15]FIGURE 15 | Relief map presenting Late Pliocene (Modified after Ben Mosbah et al. (2010)) and 2,600 to 6000 BC (Sinus Uticensis; Modified after Ben Mosbah et al. (2010); Chelbi et al. (1995); Jauzein, (1971); Paskoff, (1994); Paskoff and Trousset, (1992); Pleuger et al. (2019) paleo deltas of the Mejerda River, with two relative profiles (S of Figure 11) reconstruction and two lithostratigraphic logs W1 and W2 near Utique city from Pleuger et al. (2019).
4.3 Climate change and soil moisture conditions
The relationship between climate change and flooding raises numerous unresolved questions. Natural factors like climate and river basin morphology, as well as human-made factors such as river channelization and urbanization, affect the frequency of floods, while social and economic factors shape their consequences (Bronstert, 2003). Meteorological conditions play a crucial role in the context of climate change, but the impact of climate change on flooding is multifaceted. Beyond meteorology, the vegetation and soil conditions in a catchment area, which determine water retention and evaporation processes, can be influenced by climate change, creating a feedback loop that affects flood development.
The Mediterranean region is characterized by significant precipitation variability, often accentuated by orography, featuring strong seasonality, substantial inter-annual fluctuations, and diverse rain and land surface properties. Consequently, catchments in this area are prone to experiencing hydro-meteorological extremes, including storms, floods, and flash floods [(Bronstert, 2003) and references therein].
The Mediterranean region is recognized as a climate change hotspot compared to other parts of the world (Giorgi, 2006). Changes in major climatic parameters, notably temperatures and precipitation, surpass current global mean values and are anticipated to exceed projected mean changes in the coming decades. The impacts of these changes are substantial, affecting the occurrence, magnitude, and frequency of extreme events, as well as various environmental aspects of the Mediterranean. While heatwaves in the Mediterranean Basin have already become more frequent and prolonged since the 1950s, future projections indicate a significant increase, particularly in the eastern and southern Mediterranean countries. Numerous studies have indicated a potential increase in hydro-meteorological extremes e.g., (Kharin and Zwiers, 2005; Benestad and Haugen, 2007; Raff et al., 2009; Gilroy and McCuen, 2012; Vezzoli and Mercogliano, 2013; Camici et al., 2014; Piras et al., 2014), driven by rising temperatures and higher atmospheric moisture content e.g., (Westra et al., 2013; Piras et al., 2014; Polade et al., 2017; Tramblay and Somot, 2018; Ribes et al., 2019). The Clausius–Clapeyron thermodynamics principle suggests that changes in extreme rainfall are linked to increased atmospheric water content with rising temperatures (Drobinski et al., 2016; Pfahl et al., 2017). However, this relationship exhibits spatial variability influenced by temperature and humidity (Wasko et al., 2016). Despite an overall decrease in precipitation in many parts of the Mediterranean, the occurrence of extreme precipitation may rise, which is particularly notable in small catchments near the coast and densely populated areas, where short and intense rainfall events have been recorded.
Antecedent soil moisture conditions, a key factor in flood generation, depend on soil characteristics and initial moisture content (Brocca et al., 2008; Tramblay et al., 2010; Raynaud et al., 2015; Woldemeskel and Sharma, 2016; Wasko and Sharma, 2017; Uber et al., 2018; Wasko and Nathan, 2019). The nonlinear relationship between flow rate and initial soil saturation, often with a threshold value, influences the rapid flow response to rainfall (Norbiato et al., 2008; Viglione et al., 2009; Penna et al., 2011). Then, an escalation in rainfall intensity does not necessarily correspond to an increase in flood risk (Norbiato et al., 2008; Viglione et al., 2009; Penna et al., 2011; Ivancic and Shaw, 2015; Woldemeskel and Sharma, 2016; Wasko and Sharma, 2017; Uber et al., 2018; Wasko and Nathan, 2019). Runoff coefficients, varying in time and space due to complex interactions between precipitation and infiltration processes, can modulate flood magnitude (Woldemeskel and Sharma, 2016; Wasko and Sharma, 2017; Bennett et al., 2018). Therefore, the use of hydrological or surface models capable of representing these complex processes is essential (Zhang et al., 2011). In Mediterranean basins, there are indications of a tendency towards increased flood magnitude and decreased frequency (Giuntoli et al., 2012; Mediero et al., 2014; Mangini et al., 2018; Blöschl et al., 2019; Tramblay et al., 2019).
5 CONCLUSION
This work highlights the crucial importance of flood management in the Lower Mejerda Valley in Tunisia, a region vulnerable to recurrent floods. These floods have a devastating impact on various aspects of life in the region, affecting both the human population and the local ecosystems, agriculture, and the local economy. Despite the numerous hydraulic structures installed along the river, the increase in extreme precipitation due to climate change has heightened flood risks, exacerbating the existing vulnerability caused by the urban expansion of the capital and changes in land use. To address this complex challenge, we adopted an integrated approach that combines the analysis of SAR data with elements of topography, geology, and even the geomorphologic and paleogeographic history of the region. This approach has demonstrated its effectiveness in precisely identifying flood prone areas, both spatially and temporally, as well as in mapping the lands affected by floods. All available information examined, and the analyzed data converge to two essential conclusions:
Firstly, the relief of the Mejerda Delta is primarily the result of tectonism. This delta serves as a striking example of the influence of tectonic movements not only on the Mio Pliocene depositional units but also on the Quaternary relief and the current delta processes. It is important to emphasize that this tectonism led to the uplift of the mountains to the north and west of the valley while creating a subsiding basin. This complex interaction between tectonic forces and modern deltaic phenomena plays a decisive role in the current configuration of the Mejerda Delta.
Secondly, the topography that characterizes the lower Mejerda Valley results from a long geomorphological evolution. The eastward advance of the shoreline, together with the development of the lagoon system, has led to the formation of both paleo and current sabkhas and lagoons. These landscape features, while of major geological interest, also constitute significant indicators of a high flood risk. This assertion is supported by a meticulous analysis of past flood events as well as their detailed mapping.
However, for even more effective flood risk management and increased disaster prevention, further research is imperative. It is essential to continue exploring the complex interactions between tectonic processes, deltaic phenomena, and flood regimes. Additionally, the integration of updated data, including SAR radar data, with hydraulic models and geospatial analyses can provide a better understanding of flood evolution in this vulnerable region.
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