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Food grown in the rainfed system in Ethiopia is frequently insufficient to meet household food needs due to recurrent drought, which causes severe food insecurity. Ethiopia’s drylands have also been hit by an increase in torrential floods. As a result, the ability to adapt to shocks and risks decreases. Despite the opportunity of highland-to-lowland to lowland connectivity, the opportunities for flood-recession farming are poorly understood. This study maps flood recession opportunities incorporating national flood occurrence information, flood images, and SMAP surface soil moisture from Soil Moisture Active Passive (SMAP) images in Omo Gibe basin and Mile sub-basin. The analysis demonstrates that during the past three decades, there have been substantial flood incidents in the country’s eastern, south-eastern, and southern regions. Notably, floods that happened in 1996, 2005, 2006, 2013, and 2018 affected 90, 91, 74, 74, and 69 locations, respectively. In 2020, flooding affected a considerable area (274 locations), which demonstrates the rise in flood hazards. Based on multi-criteria suitability analysis, about 32 million hectares of lowlands are highly suitable (61%) and moderately suitable (39%) for flood-based farming. In the Omo-Gibe and the Mile sub-basin, flood-recession zone mapping using a change detection approach revealed that Omo-Gibe basin has 107,359 ha and 29,550 ha of flood zones suitable for flood recession farming and Mile sub-basin of 8,048 ha and 88 ha, during the major and short rainy seasons, respectively. Our results highlight the extent of flood-prone areas and their suitability for flood farming and provide evidence of alternative strategies for managing flood risks. Consequently, identifying potential flood-prone areas using remote sensing technology aids decision-makers and subject-matter experts in introducing and demonstrating various types of flood-based farming. Further research is recommended to identify and validate appropriate flood farming practices under different biophysical and socio-economic contexts and explore complementary opportunities as well as support informed decision-making on flood risk management and recession flood strategies in the dry lowlands of Ethiopia.
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1 Introduction

Drylands are challenging environments where human ingenuity, knowledge systems, and the careful use of natural resources are essential for survival. Globally, drylands represent 45.4% (66.7 mill km2) of the Earth’s total terrestrial area, significantly more than the previous statistical estimations (41%, ~ 60 mil km2) (MEA, 2005). Drylands cover 47 percent of the land in Eastern Africa or 328 million hectares; and the lowland dryland areas in Ethiopia, which are the focus of this study, cover about 55 percent of the landmass of the country (FAO, 2010). The drylands of Ethiopia have been faced with an increasing number of recurrent droughts and floods, leading to a decline in the potential for adaptation to shocks and risks (Davies and Bennett, 2007; OCHA, 2007). Due to the regular occurrence and cyclic nature of drought and flood in the lowlands, increasing disasters have become characteristics of large parts of the dryland pastoral and agro-pastoral populations (Müller-Mahn et al., 2010). Flooding is recognized as one of the major environmental hazards and catastrophic natural disasters in Ethiopia, and its physical manifestation has increased over the years (OCHA, 2007; Amede et al., 2022). The northeastern, eastern, southeastern, and southern lowlands of Ethiopia have experienced flash floods emerging from degraded highland mountain areas caused due to land use conversion, overgrazing, erosion, and soil depletion, which are also related to high intensities of rainfall in the highlands (Getnet et al., 2022; Gumma et al., 2022). Over the last decade, flood incidents have been significant across the country, and the events have become increasingly pronounced with the increase in the extent of land degradation in upstream areas (Barvels and Fensholt, 2021). The frequency and risks of large-scale river floods increase when heavy rainfall occurs on degraded mountainous areas in the highlands.

Managing flood water for productive use is one of the flood mitigation strategies that reduce flood hazards and simultaneously addresses food security issues in dry lowland environments (Gain et al., 2017; Amede et al., 2022; Zenebe et al., 2022). Many research findings stated that flood-based farming is an entry point to efficiently utilizing hazardous floods for productive use through various forms of engineering measures and agricultural practices (Mekdaschi Studer and Liniger, 2013; Tamagnone et al., 2020). For example, the potential suitability of spate irrigation was assessed and reported in Ethiopia (Hagos et al., 2014) and specifically in Logiya watershed in Afar (Bushira and Abudle, 2020) and Western Arsi (Chukalla et al., 2013). Flood-based farming, according to Steenbergen et al. (2011), contributes to food security and provides numerous environmental benefits across a wide range of geographies by making flood water available for agricultural use. Flood-based farming is important for nutritional security and household coping mechanisms during the dry season when other food sources are depleted (Singh et al., 2021). Annual flood regimes of rivers are important in flood-affected areas, where flood-based farming could be an effective solution to meet food security and sustain livelihoods (Motsumi et al., 2012; Balana et al., 2019; Tariq et al., 2020).

Flood-based farming is a rainfed farming system that occurs in dryland areas and relies on supplementary water derived from various types of floods (Liman Harou et al., 2020). It is a practice that depends on the residual soil moisture and soil nutrient deposits remains after flood recedes (Nederveen et al., 2011; Balana et al., 2019). Flood-based farming usually occurs in relatively low-lying areas with gentle topography. Various forms of flood-based farming are found across the world’s drylands (Varisco, 1983; Steenbergen et al., 2011; Liman Harou et al., 2020). However, to determine the extent and duration of flood-based farming, the flood water supply is often difficult to predict due to uncertainties in the timing, duration, size, and frequency of floods from ephemeral and perennial streams (Steenbergen et al., 2011). Furthermore, to utilize riverine floods, the river courses are changing from season to season leading to changes in riverbed levels and sediment accumulations.

Flood-based farming has been inadequately studied and understood under the context of Ethiopian highland and lowland geographical configuration (Castelli and Bresci, 2017; Meaza et al., 2017). Alemayehu (2014) has made detailed assessments of the status of existing spate practices, challenges and potentials. He emphasized huge potential and the possibility of transforming the high spate potential to drought-prone lowland parts of the country. Meaza et al. (2017) studied the potentials of marginal grabens in their water resources and fertile soils in the Rift Valley of Ethiopia. Despite the information on the current status of spate practices and the availability of information on historical flash floods and disasters, a comprehensive locally and temporally disaggregated magnitude of flood events, as well as associated flood farming opportunities, is rarely available in Ethiopia. Nowadays, remotely sensed multi-temporal satellite imagery (Pacetti et al., 2017) significantly overcomes the limitations associated with measured data on flood incidents and moisture data at landscape scale; remote sensing and geospatial technologies and models, such as Google Earth Engine (GEE), remote sensing (RS) and GIS techniques, bivariate models, and machine learning tools, are frequently used to assess flood-prone areas and their potential for flood-based farming (Pandey et al., 2022; Priyatna et al., 2023). Flood risk analysis and mapping are the primary products used in flood risk management systems to visualize and represent information for decision-making processes. In this context, assessing and improving understanding of the spatial extent of flooding and the spatial dynamics of soil moisture is critical for land use planning and assessing the potential impact of flood-based farming on agricultural production in Ethiopia’s dry and drought-affected lowlands. The objectives of this research are: (1) To identify the national flood risk areas through reviewing data and information from historical flood incidents, (2) to demarcate potential flood-prone areas optimally suitable for flood-based farming using experts’ knowledge, and (3) to delineate flood recession zones and analyze the trends of seasonal soil moisture regimes of case study landscapes using remote sensing techniques for assessing the potential flood recession farming.



2 Materials and methods


2.1 Description of the study area

The Omo Gibe and Awash basins are the largest river basins in the southwestern and northeastern parts of Ethiopia, respectively. The study was conducted in two contrasting basin systems in the highland-lowland configuration: Mile Sub-basin which is one of the terminal sub-basin of Awash basin and Omo Gibe basin (Figure 1 and Table 1). Both sites also represent the landscape of hydrologically interconnected upstream highlands and downstream lowlands. Omo Gibe River Basin drains the heavy rainfall from the west, central, and southern parts, flooding the Southern Omo Lowlands. It has a remarkable range of altitude, temperature, rainfall, and farming systems. The basin is characterized by diverse topographic features with the elevation ranges from 336 masl in the southern part to 3,576 masl in the northern highlands. Rainfall is characterized by a unimodal pattern from June to October (in the central and northern parts) and a bimodal pattern (southern parts) (Dagnachew et al., 2020; Orkodjo et al., 2022). The highest peak happens from July to August due to the largest part of the basin receiving rainfall from an unimodal monsoon pattern. On the other hand, significant flood peaks occur during March to May due to rainfall in the lower parts of the basin. Annual rainfall ranges from 318 mm in the southern lowlands to 2,228 mm in the highlands. The mean annual maximum temperature in the basin ranges from 16.6°C in the highlands to 34.8°C in the southern lowlands. The mean annual minimum temperature shows similar trends. The high minimum temperature (23.2°C) is observed in the south lowlands, whereas the lowest temperature (3.9°C) is observed in the west highlands (Anose et al., 2021). Mixed farming is the dominant livelihood in the Omo basin, in which the agropastoral system where local cattle, sheep, goat, and camel breeds are dominant in the south lowlands and the cereal-pulse and coffee cropping system (cereals such as wheat, maize, sorghum, teff, finger millet; beans; taro, potato, coffee, and enset) is dominant in the western, central, northern, and eastern highland parts of the basin.
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FIGURE 1
 Location map of the case study landscapes (Omo Gibe Basin and Mile sub-basin in Awash Basin), names of basins and rivers, rainfall stations in the study landscapes and the mountain chains with high elevation ranges that are sources of flash floods. Readers refer to the names of rivers and basins and their locations in this map for the discussions about flood prone areas and flood suitability in the body of the text.




TABLE 1 Characteristics of the three landscape segments in Omo Gibe and Mile sub-basin river basins.
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The Mile sub-basin drains the highlands of the northeastern escarpment and flows towards the extremely dry and fragile lowlands of the Afar regional state. The elevation ranges from 406 to 3,654 m asl. The upper part of the landscape is experiencing bimodal rainfall, while the lower part characterized by erratic and unreliable rainfall, is often plagued by drought and excessive flood risks (Gumma et al., 2022). Annual rainfall varies from 232 mm in the western lowlands to 1,144 mm in the eastern highlands of the Mile sub-basin. The higher mean annual maximum and minimum temperatures (34.2 and 21.6°C) are observed in the eastern highlands, whereas the corresponding lower mean temperatures (17.1 and 2.1°C) are observed in the western lowlands. The upstream parts are dominated by sorghum-based production mixed with livestock farming, particularly cattle production. Whereas, pastoral and agropastoral livelihood systems in the form of a combination of maize-based production and cattle and goat-based livestock farming are the dominant production systems in the downstream parts.



2.2 Stratified sampling of landscape segments

Omo Gibe and Mile sub-basins were divided into three landscape segments or zones (upper, middle, and lower) based on geomorphologic features, which vary in rainfall amount, soil types, elevation, slope characteristics, and frequency of drought occurrence (Table 1). The segmentation aids in characterizing flood sources, flood recession areas, and various flood zone classes. The watershed of the Omo Gibe basin area lies at elevations of 336–3,576 m, and it descends rapidly into depressions. The upper and middle Omo drainage systems show striking geometric arrangements of their streams. The lower third of the basin defines a complex tectonic depression. The upper middle zone in the western part and the upper north zone are characterized by high and moderate rainfall. The upper Gibe is covered with dense drainage, while the lower Omo Gibe basin is plain and dominated by slopes less than 5%, which are commonly flooded during the short and long rainy seasons. Mile Sub-basin is one of the Awash terminal sub-basins located in the Amhara and Afar regions at elevations ranging from 406 to 3,654 m. It has a high flood water potential draining the western highlands of the basin and varies temporally and spatially across the basin. The Mile sub-basin has a rugged topography with steep slopes in the upper and middle portions of the basin adjacent to the Amhara highlands and a relatively flat landscape in the lower portion.



2.3 Data sources and analysis

In this study, the data we dealt with is mainly data on flash flood occurrence and remotely sensed data. Since the study is focused on flash floods that exceed the stream size and spread over the river courses, measured discharge or flow data was not used. Instead, historical records of flash flood occurrence during the major (Meher) and short (Belg) rainy seasons (i.e., flood incidents and their date of occurrence and level of damage) were used as input to do remote sensing analysis of flood and soil moisture images. The historical flood events were also used to validate the spatial and temporal distribution of floods estimated from remote sensing. The extent of the spatial distribution of potential of recession flood farming was delineated using combined analysis of temporal flood events (images identified based on rainfall events) and soil moisture (i.e., SMAP image). The study made use of a variety of data sources, both primary and secondary. The study dataset primarily consists of spatial and non-spatial data, such as historical flood records, satellite imagery, and GIS-based raster and vector data, which were integrated and analyzed for assessing flood risk locations and potential areas for flood-based recession farming (Table 2).



TABLE 2 Multi-criteria applied for the socio-ecological suitability of flood farming.
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2.3.1 Historical flash flood records

In Ethiopia, to develop natural hazard emergency response plans for humanitarian assistance, the National Flood Task Force hosted by the National Disaster Risk Management Commission (NDRMC) is in charge of recording seasonal flash flood events. Flash floods are caused by heavy rainfall in a short period and are usually reported with damages and fatalities. Flash floods often lead to issue early warning and emergency response alerts. Sixty years (1960–2020) seasonal flash floods, compiled from the United Nations Office for the Coordination of Humanitarian Affairs (UN-OCHA) flash flood snapshot reports and infographics (OCHA, 2007), as well as additional flash flood records compiled from literature (Desta et al., 2021) and the global flood dataset,1 were synthesized for assessing historical flood occurrence and associated flood risks. The database on flash floods records the duration of flood incidents in a locality, the extent of damage, and the overall situation of the incident. The historical data was also converted into spatial maps that show flood hotspot locations and district scale frequency of flood occurrence, which were used as base maps for the delineation of potential flood- based farming zones.



2.3.2 Multi-criteria analysis for delineating suitable flood-based farming zones

Expert knowledge was used to assess the socio-ecological suitability of flood-prone areas for targeting flood-based farming. Senior experts in the fields of hydrology and agriculture, who have practical knowledge of flood occurrence and flood farming and conducted their field research in the case study basins, were brought together to conduct a multi-criteria suitability analysis. During a week-long workshop, we brought together eight senior researchers and experts to identify important factors influencing flood-based farming and assist in the execution of GIS-based multi-criteria suitability analyses. First, the experts brainstormed the context of flood risks in the basins as well as flood farming principles and techniques and agreed to the context using Google Earth images. They identified the criteria and established a common understanding of the description of each of the criteria factors. Once they had reached an agreement on the subject of flood-based farming and criteria, each expert was asked to identify the criteria/ factors that influence flood-based farming and to set the threshold for each criterion by visualizing the spatial distribution of each factor in flood-prone areas. Criteria indicators included climate, soil, farming systems, land use and land cover, topography, and socioeconomic factors. To determine suitable potential flood-prone areas for flood-based farming, the weight of each decision criterion was estimated using the Analytical Hierarchical Process (AHP) in GIS, with experts’ pairwise ranking of factors as input.

Two classes were determined, highly suitable (SC1) and moderately suitable (SC2), as described in Table 2. The suitability analysis provided a contextualized and firsthand estimate of potential suitable areas for flood-based farming out of flood-prone areas. Because of the limitation of detailed information about flood farming analysis at the basin scale from past research, we established assumptions for the suitability analysis. Thus, the suitability analysis was carried out taking into account the following assumptions: (1) The current level of suitability analysis aims to assess and delineate potential flood-prone areas to be targeted for alternative flood-based farming strategies and interventions. (2) The suitability mapping did not consider the amount of flooding and duration of flooding, as this information is scarce in every river system. (3) The suitability does not differentiate between hazardous and useful floods, with the assumption that floodplain areas that received hazardous flash floods can be utilized either to improve the productivity of extensive pasture or rangeland or used to grow crops through a recessionary farming practice during the post-flood. (4) The suitability mapping broadly targets the arid and semi-arid lowland areas as well as drought-affected areas and pastoral, agropastoral, and sedimentary dryland farming systems. (5) Flood farming areas should exclude water bodies, wetlands, biodiversity reserve areas, forest areas, built-up areas, parks, and protected areas. Flood-prone areas that receive annual rainfall >500 mm was excluded, assuming the amount of rainfall is sufficient for rainfed farming.



2.3.3 Remotely sensed image analysis

Besides the historical flood information and experts’ knowledge, cloud-based remotely sensed satellite imageries in the Google Earth Engine (GEE) platform were used to detect and further verify the flooded areas suitable for flood-recession farming. GEE, which is a cloud-based platform for geospatial data analysis, was used for image processing and analysis using Application Programming Interface (API) code written in JavaScript. A change detection approach using a combination of multi-temporal Synthetic Aperture Radar (SAR) and other satellite imageries (Table 3) was applied for flood recession mapping through a comparison of backscattering signals between the flood image (events during post-flood period) and a reference image (events during pre-flood period) in GEE platform. The historical flash flood event records at each locality which were documented by UN-OCHA and (see footnote 1) were used as input to define periods of pre- and post-images and at the same time used to validate results of remote sensing analysis in the season. The years 1988, 1996, 1998, 2006, 2010, 2012, 2016, 2018, and 2020 were significant historical flood occurrences in Ethiopia. Historically, a total of 123 (in 58 districts) and 19 (in 7 districts) flash flood events were recorded in Omo and Mile study landscapes, respectively. The most recent years, 2016, 2018, and 2020, were chosen as input to analyze change in flood incidents that occurred during the short rainy season (Belg) and major rainy season (Meher). Most flood events were recorded in 2020. Using the records of the flood events from the 3 years, the seasonal flood occurrence periods were identified. After defining a separate flood window period for the short (Belg) and major (Meher) seasons by using meteorological rainfall data, the extent of flood-prone areas at the two study locations was determined by analyzing 234 [85 for the short (Belg) season and 149 for the major (Meher) season] Sentinel SAR images. To determine the extent of suitable areas (out of flood prone areas) for flood recession farming, the amount and duration of soil moisture needs to be examined if it meets the crop water requirement during the growth period. For this purpose, remote sensing products of soil moisture (SMAP) and CHRIPS rainfall data were also used to define soil moisture ranges during the pre and post flood periods. Radar satellite images from Synthetic Aperture Radar (SAR) sensors which have all weather day-night image acquisition capability are the most suitable for flood mapping (Hostache et al., 2012; Priyatna et al., 2023). According to the predefined parameters, the entire Sentinel-1 GRD filtered by the instrument mode [Interferometric (IW)], polarization (VV), pass direction (descending), spatial resolution (10 m) was clipped to the boundaries of study area and the selected time periods using API codes in GEE (see Supplementary materials). ArcGIS was used for map generation (Table 4).



TABLE 3 Description of image data used to detect flood recession areas.
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TABLE 4 Area coverage (ha) and percentage of flood prone areas suitable for flood-based farming.
[image: Table4]





3 Results


3.1 Flood occurrence and associated risks in Ethiopia

Flash floods occur in Ethiopia every year during the major rainy season (June to September) and the short rainy season (March to May) due to heavy rainfall or excessive river flow. Almost 90% of flood events in the country occur as a result of heavy rain, which causes rivers to overflow and inundate areas along riverbanks in lowland plains. Based on historical flash flood data compiled from various sources, the spatial extent of historical flood events in Ethiopia in the period from 1960 to 2020 was analyzed and depicted (Figure 2). The analysis of flood occurrence and associated risks revealed that the number of flood-prone areas had increased since the 1990s, with a significant change occurring after the 2010s. Before the 1990s, the number of flood-prone locations was between 6 and 23. However, the flood-affected areas steadily increased to 247, 306, and 540 in the 1990s, 2000s, and 2010s, respectively (Figure 3). Excessive floods occurred in 1996, 2005, 2006, 2013 and 2018 affected 90, 91, 74, 74, and 69 locations in the country. Exceptionally, flood events in 2020 have affected large areas (274 locations) of the country, indicating an increase in flood risks in recent years. The 2020 climate bulletin of the National Meteorology Agency indicated that the total rainfall amount of the year 2020 exceeded 1,250 mm over western and the highland of Amhara, Benishangul-Gumuz, Eastern Oromia, and most of SNNPR and the central and western Oromia. In association with this, for example, the annual total rainfall amount reported over Nekemte was as high as 2243.7 mm, and in general 2020 is wetter than 2019. Previous studies also reaffirm the increased frequency of flood incidents over the last 20 years (Mamo et al., 2019; Demissie et al., 2021; Wudineh et al., 2022). The studies identified land use change, vegetation degradation, and climate change and variability as the main driving factors for the increased incidents of flooding. These highlights that beyond the heavy rainfall events, the change in land uses and deforestation in the upstream mountain areas specifically in the south, southeast, eastern, and Rift Valley areas have a major influence for increased occurrence and frequency of flooding. These areas are also facing cyclic risks of droughts. This section presents the spatial distribution and frequency of flood prone areas (Figure 2)- and the suitability of the flood prone areas for flood farming (Figure 4). The names of basins, rivers and local names presented in this section are illustrated in Figure 1. As depicted in Figure 2 and the suitability map in Figure 4, during July to September, heavy rains in neighboring highland areas of Oromia (the southeast mountain chains in Bale and Harargie zones) and partly in the southern region cause flooding along the Wabishebele, Genale, and Dawa rivers (refer river names in Figure 1). Flood occurs every year in areas along the lower Wabishebele river. Flooding occurs at least once every 3 years in the upper, middle, and lower Awash River, Baro and Gilo Rivers in Gambella, flood plain areas around Lake Tana in the upper Abay Basin, lower Omo river in South Omo, and along the Genale and Weyb rivers (see Figure 1 and Figure 2). Heavy rainfall in the highlands of northeastern mountain chains of Amhara and Tigray and the central highlands often caused an overflow of Awash River and its tributaries in Afar. In the southern part of the country, floods occurred in the Konso area (Segen river) and along the Omo River during March to May and July to November. In the Rift Valley, floods occurred in the floodplain areas along the Bilatie River and around Lake Abaya (for example Humbo and Offa districts). During heavy rains, Flooding in the Fogera and Dembia floodplains is caused by Lake Tana’s backflow and the overflow of the Gumara, Rib, and Megech rivers that drain to Lake Tana. As a result, Awash, Wabishebele, Genale, Dawa, Omo Gibe, Baro, and Akobo Rivers, as well as the floodplains surrounding Lake Tana and the Rift Valley Lakes occupied large flood-prone areas (Figure 2). This shows the occurrence of extensive flood incidents in the south, southeast, eastern, central and Rift Valley parts whereas the north and northwest (like Abay and Tekeze basins) have no frequent records of floods except the Lake Tana flood plains. This is likely partly attributed to the large coverage of the soil and water conservation practices. These practices could reduce the occurrence of flash floods. Under increased spatial coverage of flood-prone areas and growing flood frequency over years, the associated humanitarian risks and damages on economic activities have been increased (OCHA, 2007) as indicated in Figure 3. For instance, the number of people affected by floods (both displaced and deaths) increased over decades, from 16 thousand in the 1960s to 4.2 million in the 2010s (Figure 3).

[image: Figure 2]

FIGURE 2
 Flood-prone areas (shaded areas) in Ethiopia and displaying frequency of flood occurrence (1–25 times) per location (Source: remapped from historical data records of UN-OCHA seasonal flood snapshots, https://public.emdat.be/data, and Mamo et al., 2019) [adapted from Desta et al. (2021)].


[image: Figure 3]

FIGURE 3
 Trends of flood incidents (number of flood-prone locations) and total affected people over decades (1960–2020) (own analysis and https://public.emdat.be/data) [adapted from Desta et al. (2021)].
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FIGURE 4
 Map of socio-ecological suitability of flood prone areas for flood-based farming in Ethiopia using multi-criteria methods by expert knowledge. The suitability map was prepared for CGIAR WLE deliverable (source: Desta et al., 2021).


In recent years, the cyclicity of drought and flood events in the Horn of Africa is more frequent, where the occurrence of multi-hazard events is likely to amplify disaster impacts (IPCC, 2022). These cyclic disaster risks are the results of complex spatiotemporal interactions between risk components, impacts, and societal response (Matanó et al., 2022). The EM-DAT international disaster database indicates that over the last 20 years (2002–2021) floods (n = 793) and droughts (n = 137) represented 55% of natural hazards in Africa (n = 1,693), with 14,053 and 20,821 deaths, respectively. As also observed by Di Baldassarre et al. (2017), there is a fluctuating trend of annual drought-flood recurrences, indicating that the interplay of droughts with floods.

Floods occur more frequently than droughts, with annually an average of 40 flood events and seven drought events. When we see floods in otherwise dry areas, it is important to be aware and spread awareness that when a lot of rain falls in a very short period after longer periods of drought this leads to a shallow absorbance of the rain. For instance, drought hazards lead to soil degradation, reduced sub-surface water storage, and a lower capacity for soil infiltration, which increases runoff and proneness to flood risk. Unfortunately, the short and heavy rainfalls in the dry areas is a disaster as it came in big volume and became a flood. The recent drought that occurred in Borena Ethiopia is associated with flash floods.



3.2 Suitability of flood-prone areas for flood-based farming in Ethiopia

Considering the historical flood-prone areas (section 3.1) as a base map, GIS-based multi-criteria suitability analysis using an expert-based AHP technique was used to delineate flood-prone areas potentially suitable for flood-based farming. The multi-criteria suitability mapping resulted in 32.6 million ha of land in the country which is estimated to be suitable and moderately suitable for various types of flood-based farming. Sixty-one percent of the total suitable flood recession areas (20 million ha) were classified as highly suitable (SC1), while 39 percent (12.6 million ha) were classified as moderately suitable (SC2) (Figure 4).

Table 4 presents basin scale area coverage of suitable areas for flood based farming. Basin-wise analysis showed that the lower part of the Wabi Shebele basin has the largest area coverage which accounts for 10.9 million ha (33.6%) of the total land area classified as SC1 and SC2. It is followed by Genale Dawa with 8.17 million ha (25.1%) and Awash 4.92 million ha (15.1%). Considering highly suitable classes alone (SC1), Wabi Shebele has the largest area coverage (7.57 million ha, 38.1%) followed by Genale Dawa (5.39 million ha, 27.1%), and Awash (2.63 million ha, 13.2%). Basins such as Ogaden, Omo Gibe, and Rift Valley have 2.13 million, 0.68 million, and 0.57 million hectares of highly suitable areas. Although basins like Abbay and Baro Akobo have flood-prone areas, they are excluded from the suitability analysis as most of the flooded areas receive more than 500 mm of seasonal rainfall. Thus, identification and delineation of flood areas using a hybrid of expert knowledge and geospatial analysis supports informed decision-making on the flood risk and flood farming strategies using best agricultural technologies and practices. The magnitude of suitable flood areas revealed that flood-based farming could be an entry point for boosting agricultural production in the drought-affected and food-insecure areas of the lowlands.



3.3 Soil moisture during pre- and post-flood events

Figure 5 shows the soil moisture trend in April before and after events of extreme rainfall at the different meteorological stations located in the Awash Mile-Asaita flood landscape. To detect flooded areas in the lower landscape, we took SAR images on 10 April 2020 as pre-flood image and 28 April 2020 as post-flood image. In the Mile-Asaita flood zone, there were no extreme rainfall events during early April. It is observed that soil moisture from 1 to 10 April is low (Figure 5) extracted from the before extreme image. Similarly, the rainfall chart shows very little rainfall from 1 to 10 April except for small rainfall in the lower part of the flood landscape at Chifra station. After 11 April, sudden increments in soil moisture were observed and steadily attained peak soil moisture (10 mm) on 20 April. The soil moisture was strongly matched with the rainfall trend (Figure 5) occurring at the upstream meteorology station (Sirinka). The increase in soil moisture in the lower flood areas after the occurrence of rainfall in the upstream highlands shows that there is a strong correlation between upstream rainfall source areas and downstream flood recession areas.
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FIGURE 5
 Distribution of rainfall events (bars) occurred at different meteorological stations in the Mile sub-basin and trends of surface soil moisture (SMAP) (line graph) extracted from before and after flood events in the selected Mile-Asaita flood landscape. Meteorological stations at Dubti, Asaita, and Semera did not record any rainfall during the month of April.


Figure 6 shows the trends of soil moisture and rainfall events in the Omo Gibe river basin. The soil moisture pattern is drawn for relevant rainfall months at three landscape zones that demonstrate the occurrence of flood recession areas. For instance, in the 2020 rainy season, the moisture trends indicate four distinct moisture retention periods, February to Mid-May, Mid-May to September, October to November, and December to January. Two seasons, February to May and October to November provided adequate soil moisture content between 10 and 20 mm while the remaining months had an average 10 mm of soil moisture (Figure 6, bottom). The soil moisture trends are very much associated with the spatial and temporal distribution of rainfall events in the landscape (Figure 6, top). Disaggregating the low and high soil moisture patterns in relation to upstream, middle, and lower zones of the landscape can provide information about where the flood recession becomes an opportunity for agricultural production.

[image: Figure 6]

FIGURE 6
 Rainfall events (top) and the corresponding trends of seasonal soil moisture pattern (bottom) in 2020 at Omo Gibe basin. The rainfall and soil moisture amount is the weighted average of the spatial distributed rainfall and soil moisture in the basin.




3.4 Soil moisture characteristics over landscapes

Soil moisture patterns were assessed for case study landscapes during the Belg (March to May) and Meher (June to September) rainfall seasons, taking into account intense flooding years (2016, 2018, and 2020) (Figures 7, 8). In the Omo Gibe basin, there was steadily increasing soil moisture during the short season. The increase in soil moisture is highly associated with the rainfall occurring in each landscape segment. The occurrence of sufficient soil moisture at lower landscapes is attributed due to the rainfall amount in the season and subsequent flood events from upstream landscapes. However the daily rainfall amount is small during major (Meher) season compared to the short (Belg) season, except slight increase after mid-September. The soil moisture recorded an average value of 10 mm and above. The soil moisture trends in the two seasons indicate that there is readily available soil moisture to enhance the recession farming. For instance, from March to May, the areas can receive sufficient soil moisture for crop recession farming lasting at least two and half months. Similarly, between June and December, the soil moisture in the lower landscapes was sufficient enough to sustain crop and pasture production.
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FIGURE 7
 Soil moisture pattern of Omo Gibe river basin along three landscape zones during short (Belg) and major (Meher) rainy seasons.
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FIGURE 8
 Soil moisture pattern of Mile sub-basin river basin along the three landscape zones during short [Belg (short)] and major [Meher (main)] rainy seasons.


In the Mile sub-basin, very distinct soil moisture trends were observed between the three landscape positions that imply strong interconnectivity of the landscapes. Although there is a considerable and consistent availability of soil moisture in lower landscapes between July and mid-October over several years, the occurrence of sufficient soil moisture from March to May is season-dependent. As a result, the Mile sub-basin landscape experiences more consistent soil moisture availability during the main rainy season, which could potentially support lowland agro-pastoral production systems and regreen the fragile and dry rangeland environment. This result is well supported by Gumma et al. (2022) who have reported and delineated potential flood farming opportunities in Afar.

In contrast, flood-based farming in the Omo Gibe basin can be more beneficial during the short rainy season and slightly extended between September and November whereas, there is a potential flood farming opportunity for dryland crops in the Mile sub-basin during the major rainy season, June to September. Since there are peak soil moisture weeks, caution has to be taken in the choice of crops that tolerate excess soil moisture conditions. Apart from its crop and livestock feed production opportunities, this seasonal soil moisture availability could help to improve ecosystem services such as mitigating the degraded environment and replenishing the subsurface water (Getnet et al., 2022).



3.5 Delineation of flood recession zones

Floods resulting from heavy rainfall and artificial drainage obstructions between upstream and downstream areas are regularly experienced in dry lowland areas. Rainfall and topographic conditions are key indicators of flood potential in geographically interconnected landscapes. In line with this, the two case study landscapes were initially characterized in terms of rainfall, elevation, and slope (Figure 9). The results revealed that the Omo Gibe basin experiences a high mean annual rainfall of 1,237 mm (318–2,228 mm) compared to the Mile sub-basin’s 686 mm (232–1,144 mm). Topographically, more flat land, which has less than 5% slope and is geographically interconnected to the adjacent highlands, exists in the Mile sub-basin than in the Omo Gibe sub-basin.

[image: Figure 9]

FIGURE 9
 Elevation, slope, and rainfall characteristics of Mile sub-basin (upper lane) and Omo Gibe basin (lower lane).


Considering seasonal rainfall and soil moisture conditions before and after the flood events, slope and land cover of the two basins, flood analysis using remotely sensed derived data in the GEE platform was carried out to delineate potential flood zones for flood recession farming during major (Meher) and short (Belg) seasons. The results of flood and moisture trend analysis revealed that Omo Gibe basin has larger area coverage of flood zones for conducting recession farming in both Meher and Belg seasons than Mile sub-basin (Figure 10). Omo Gibe basin has 107,359 ha (1.4%) and 29,550 ha (0.4%) of land suited for flood recession farming during major (Meher) and short (Belg) rainy seasons, respectively. Whereas, 8,048 ha (1.44%) and 88 ha (0.02%) of suitable land for recession farming were obtained in the Mile sub-basin during Meher and Belg seasons, respectively.

[image: Figure 10]

FIGURE 10
 Maps show suitable areas for flood recession farming (out of the flood prone areas presented in Figure 2) using pre- and post flood change detection methods from satellite images in Mile sub-basin (Left) and Omo Gibe basin (Right). Blue and red colors represent areas suitable for flood based farming during major (Meher) and short (Belg) rainy seasons.





4 Discussions


4.1 Flood trends and drivers

The increase in the occurrence and frequency is evident from the historical flood records. These changes are also in line with changes in the stream channel forms (width, length, depth) and community perceived claims in the increase in flood discharge and frequency (Demissie et al., 2021). Demissie et al. (2021) indicated a sudden increase in discharge characterizes flash floods of small rivers, with high flow velocities in the range of 2–3 m s-1 with Froude numbers greater than 1. Furthermore, Meaza et al. (2018) reported increased flows (up to 732 m3 s-1) recorded in the largest rivers during the rainy seasons. Regarding the driving factors for increased flooding, high rainfall events, and variability is probably responsible for triggering flash floods (Borga et al., 2014; Douinot et al., 2016). Degefu and Bewket (2017) also reported the strong association of large scale climate signals like El Nino-Southern Oscillation (ENSO) with peak flood frequency. However, in the study landscape catchment degradation including land use conversion from forest, woodlands and shrublands to croplands and overgrazing of the landscapes are the most important causes (Demissie et al., 2021). The ecology in many parts of the highlands is considerably damaged. This damage is mainly attributable to the increasing human and livestock populations, cultivation on steep slopes, and deforestation (Kassawmar et al., 2018; Berihun et al., 2019).



4.2 Change detection approach for delineating flood recession zones

Flood-recession farming in the Omo and Mile case study landscapes is conditioned by the flood that is caused by heavy rainfall events associated with degraded upstream areas and replenishes the soil’s water reserve. But, due to many constraints, the occurrence of this flood is increasingly uncertain. However, a remotely sensed approach was adopted in the Google Earth Engine (GEE) platform using Sentinel-1A SAR technology integrated with multiple image processing functions to differentiate the inundated pixels from other pixels. A combination of change detection and the application of the GEE algorithm was used to detect floodplains (Bhatt and Rao, 2014; Pandey et al., 2022; Priyatna et al., 2023). The approach is capable of analyzing the spatio-temporal dynamics in floods and seasonal soil moisture and informing the practice of recession farming. The case study in this paper illustrates the potential of the landscape segments in the upstream and downstream configuration of the study landscapes to generate floods and provide opportunities of flood recession farming. The results underline the relevance of remotely sensed approaches (Pacetti et al., 2017) together with expert knowledge in assessing flood occurrence along the landscapes and delineating flood recession zones. The period of recession farming is dependent on the duration and level of soil moisture content needed and the type of crop. Overall, more than 10 mm soil moisture content was measured in the recession period which is adequate for the maturity of many crops. Pertaub and Stevenson (2019) reported the farming of a variety of crops under recession farming in Omo Valley and its potential to produce food that would last for much of the year. The sorghum yields under recession farming range from 0.5–0.8 tons ha-1 in Nyangatom, 1–2 tons ha-1 in Dassanech and 3.0 tons ha-1 in Kara (Pertaub and Stevenson, 2019). The annual flooding in the case study landscapes enhances the fertility of the soil by deposition of alluvials which favors the cultivation of several grain and fodder crops such as maize, sorghum, pearl millet, cowpea, mung bean, haricot bean and grass forages (Getnet et al., 2022) and increases the productivity of the natural pasture (Atanga and Tankpa, 2021; Atubiga and Atubiga, 2022). Based on that it is recommended that more attention should be given to flood recession farming to ensure all year-round farming in the areas as a measure of ensuring food security.



4.3 Implications of flood-based farming on integrated approach and current flood risk emergency responses

Natural flood risk reduction and utilizing flash floods to boost agricultural production requires more than just designing and financing the construction of engineering measures. It requires a concerted effort and dedicated finances to support coordinated efforts of stakeholders and communities at local and higher levels. Regarding planning and implementation of flood farming practices, lack of spatial and temporal flood occurrence information, lack of integrated and cross-sectoral participation across upstream and downstream landscape actors (Alemayehu, 2014; Castelli and Bresci, 2017), and lack of sustainable financing might be among the challenges of flood management. We learned from our study that there remains a need for advocacy and awareness that increases the implementation of flood farming practices to reduce the risk of flash floods and mitigate droughts. A proper understanding of flood occurrence and adaptability of the locations for flood farming will give ample opportunity in drought-prone areas to create resilient livestock and crop production systems. To this end, it is important to develop integrated floodwater governance with a clear flood management plan that involves the community at upper and lower landscapes (Castelli and Bresci, 2017; Demissie et al., 2021). The integrated flood management plan could have a range of purposes including interventions on agricultural production under dryland situations, rangeland management, livestock water supply, and restoring the soil and water resources. More importantly, economically flood farming is one of the potential entry points for creating an agricultural production value chain in the drought-affected drylands and upstream highlands. Thus, flood farming practices have the potential to influence local livelihoods, economies, and biophysical systems as it is the only source of water in arid and semi-arid environments (Alemayehu, 2014; Meaza et al., 2017; Desta et al., 2021). Thus, addressing the knowledge and evidence gap on the potentials of flood farming contributes to an informed decision toward unlocking the opportunities of flood farming to support livelihoods and economic development in the drought-prone areas, specifically in the Rift Valley areas, the Afar lowlands, South Omo valleys and the lowlands of Awash and Wabishebelle rivers.

Realizing the potential of flood farming implies a shift from a project-oriented approach to a process-oriented holistic approach based on the inclusion of stakeholders and communities in the process (Castelli and Bresci, 2017). Flood risk management should be responded to by formulating an integrated approach embedded in the context of integrated water resources management and land use planning. The uncertainty of the flood incidents or sudden nature of occurrence, the local scale of the event, and the very short flood concentration time should be taken into consideration when developing a risk mitigation and agronomic management strategy. Due to these special characteristics, flash floods are best managed by the local authorities with active and effective involvement of the people at risk who have experienced the local trends and nature of flood occurrence over the years. Thus, flood management measures and intensification practices should be encouraged and supported with regular communication and technical backup on the rainfall forecasts, flash flood inventories, and flood frequency information, and coordinated land management and land use plans which will enable it to scale up. Flood databases and decision support tools can further facilitate the decision-making and implementation of flood risk management as well as flood farming.

The current policy response to manage flood risks is through the preparation of an emergency response plan. Beyond the emergency flood response plan that aims to provide preparedness and emergency precautionary measures and develop an emergency response to flood-affected people, there is a need for an investment strategy to deal with flood farming opportunities within the overall integrated basin water management strategy that aims to unlock potentials of floodwater management and facilitate and coordinate the actions of different actors. The strategy to manage floods should be focused on providing the necessary technical, financial and legal framework for the competent authorities to play their legitimate role.




5 Conclusion

Assessing flood-induced risks and understanding flood-causing factors are the first steps in exploring adaptation alternatives in flood-prone locations so that flash floods can be turned into productive use using appropriate flood management strategies. In Ethiopia’s dry lowlands, floods are among the most frequent natural disasters. Since the 1990s, Ethiopia has experienced an incremental rise in the number of flood incidents and associated risks. The investigation of the frequency and geographic range of flood occurrences showed a dramatic increase in flood events over decades along with increased drought incidents. This is predominantly attributed to the interaction of various factors, including heavy rainfall, topography, land degradation – conversion of natural ecosystems to agricultural land uses, and changes in land use and geomorphologic conditions.

Remote sensing technologies using pre and post-flood detection approaches assist in quickly identifying areas for landscape flood occurrence. Combined application of GIS-based multi-criteria suitability analysis and remotely sensed satellite imageries were used for delineation of potential flood zones for flood recession farming. Specifically, the flood change detection approach for a predefined window period in the season proved to provide reliable flood recession distribution in a situation where there are scarce and uncertain flood records. Consequently, using a combination of remote sensing images and expert knowledge aids decision-makers, particularly subject-matter experts and irrigation planners, in introducing and demonstrating various types of flood-based farming as well as supporting informed decision-making on flood risk management strategies. The results insight into the access and availability of flood recession farming in the dry lowlands and smallholder farmers can take advantage of the fertile nature of the soil by engaging in the production of different types of food crops. It has the potential to ensure food security and livelihoods of the drought-affected communities. The study concludes that the full potential of flood recession farming and specific technological options can be assessed through comprehensive research about the different aspects of flood recession farming. Given the unpredictability of rainfed farming in the dry lowlands, there is a clear need for investment and adaptation of flood-based livelihood strategies and mainstreaming this practice in policy-making for drought management and sustainable food production in the dry lowlands.
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