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In this study, we identified and investigated the annual climatological moisture sources for the Ethiopian river basins during 1980–2018. First, according to cluster analysis, the 12 river basins of this country were grouped into four regions: northeast (NE), southeast (SE), southwest (SW), and west (W), which were characterised by similar annual precipitation features. Global outputs from the Lagrangian FLEXPART model were used to investigate the air mass humidity gain before reaching each region. This revealed five main oceanic moisture sources located in the Mediterranean Sea, Red Sea, Indian Ocean, Persian Gulf, and the Arabian Sea, in addition to three main terrestrial moisture sources located in the African continent, Arabian Peninsula, and the regions themselves. Once the main climatological sources of moisture for each region were identified, a forward-in-time analysis of air masses over each source was performed to calculate the moisture contribution to precipitation (E – P) < 0 over the defined regions. The most important source at the annual scale for the NE, SW, and W regions is the African continent, while for the SE, it is the Indian Ocean. Indeed, terrestrial moisture sources are the major contributors (>50%) to the precipitation over the NE, SW, and W, whereas oceanic sources are the major contributors to the SE. Another analysis identified the years affected by drought conditions in the regions. The role of the sources was evaluated for those years affected by severe and extreme drought, revealing the heterogeneous and also direct influences on the regions. Finally, according to the normalised difference vegetation index, the impacts of annual severe and extreme droughts were more prominent in areas of the NE and SE, but also in the SW during 1984.
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1 INTRODUCTION
Drought is one of the most devastating natural phenomena related to a significant decrease in water availability owing to precipitation reduction over an extended period (Bayissa et al., 2015; Van Loon, et al., 2016; Stojanovic et al., 2020; Yirga, 2021). It is a relatively complex event, mainly because of the difficulty in defining its beginning, severity, and end (Wilhite, 1993; Belayneh et al., 2014). In addition, its effects can slowly accumulate over a substantial period, affecting a wide range of geographic areas and different sectors, such as agriculture, water management, and the environment (WMO, 2012; Trenberth et al., 2014; Ebi and Bowen, 2016; Van Loon, et al., 2016; Ionita et al., 2017). Therefore, droughts can generally be classified as meteorological, agricultural, hydrological, and socioeconomic, according to their associated impacts (Wilhite and Glantz, 1985; Keyantash and Dracup, 2002; Dai, 2010). Meteorological drought implies below-average amounts of precipitation and represents the initial stage of all drought types. A lack of soil moisture is referred to as agricultural drought, as it reduces the quantity of water available for crops and affects the agricultural demands of a region. Hydrological drought occurs when sustained dry conditions cause a deficit in soil moisture content, low-level river flows, and a reduction in surface water and groundwater reserves. Finally, socioeconomic drought occurs when a deficit in water supply exceeds the demand for economic goods and social activities.
In Africa, drought is one of the most dangerous natural risks, which, in combination with high water consumption and low water quality, worsens existing water scarcity concerns (Mishra and Singh, 2010; El Kenawy et al., 2016). Among African countries, Ethiopia is frequently portrayed as a drought-stricken region because of anthropogenic activities and climate change (e.g., increased temperature, decreased precipitation, and reduced crop yield) (Belayneh et al., 2014; Bayissa et al., 2015; El Kenawy et al., 2016; Gezie, 2019; Temam et al., 2019; Alemu et al., 2021; Yirga, 2021). A trend analysis performed by Cheung et al. (2008) for annual and seasonal precipitation between 1960 and 2002 showed a remarkable decline in precipitation from June to September for most river basins situated in the southwest and central parts of Ethiopia (Baro-Akobo, Omo-Ghibe, Rift Valley, and Upper Blue Nile). Negash et al. (2013) also reported a significant decreasing trend in the northern, northwestern, and western parts of Ethiopia for the period 1951–2000. Mekonen and Berlie (2020) reported a decreasing trend in precipitation at a level of 6.5 mm/decade in the northeastern areas of Ethiopia from 1900 to 2016. In contrast, Gebrechorkos et al. (2019) recently showed that the climate of Ethiopia has changed over the last 4 decades, with temperatures increasing trends. In line with these findings, some researchers have illustrated that the frequency of drought in Ethiopia has increased over the past few decades (Edossa et al., 2010; Gebrehiwot et al., 2011; Asfaw et al., 2018).
Ethiopia is a highly populated country with 85% of the economy primarily depending on agriculture. Drought represents a major threat that mostly affects the agricultural and water sectors, particularly in regions where access to water supplies is limited (Funk et al., 2005; Mersha and van Laerhoven, 2018; Matewos, 2019; Hirko et al., 2021). The 1984/1985 drought that affected Ethiopia, caused crop failure and, consequently, the displacement of millions of people. Also, the drought that occurred in 2002/2003 led to the biggest food crisis that affected more than 13 million people and caused severe impacts on the economy (Gebrehiwot et al., 2011; Bayissa et al., 2015). According to Funk et al. (2005), the 1984 events stand as the worst years on the record, while 2002 received very low precipitation for the longest period of the year. The year 2009 has also been documented as a severely dry year, with more than six million people being affected (Sheffield et al., 2012; Viste et al., 2013; Mekonen and Berlie 2020). More recently, a severe drought in 2015 affected the northeast of Ethiopia, resulting in more than 10 million people being affected and seeking humanitarian aid (Mekonen and Berlie 2020). These dry years have been the worst in the history of Ethiopia, with millions of people becoming displaced, and many being forced into further destitution (Bayissa et al., 2015).
The large spatial variability of precipitation over Ethiopia can cause spatial variations in drought severity (World Bank, 2006; Viste et al., 2013). Jjemba et al. (2017) and Philip et al. (2017) showed that a severely dry year in 2015 in the northern part of Ethiopia occurred due to the failure of the March–May (Belg) precipitation season, and the June–September (Kiremt) precipitation season was considerably delayed and below the long-term average. Rainfall in Ethiopia is the result of multi-weather systems that include the Subtropical Jet, Intertropical Convergence Zone (ITCZ), Red Sea Convergence Zone, Tropical Easterly Jet, Southwest Indian and South Atlantic Ocean anticyclones, and Somali Jet (NMA, 1996; Riddle and Cook, 2008; Aerts et al., 2016; Philip et al., 2017; Dubache et al., 2019; Alhamshry et al., 2020; Munday et al., 2021). The intensity, position, and direction of these weather systems lead to variability in the amount and distribution of rainfall in Ethiopia (Berhanu et al., 2014). Precipitation shortfall and its spatial variations are associated with changes in atmospheric moisture transport (Bisselink and Dolman, 2008; Gimeno et al., 2010; Viste and Sorteberg, 2011; Stojanovic et al., 2018; Drumond et al., 2019). Hence, the identification of moisture sources for precipitation is crucial for understanding rainfall variability, timing, and development of dry conditions in Ethiopia Indeed, it is nowadays considered a challenge for the atmospheric sciences (Gimeno et al., 2020). The moisture sources for precipitation over a certain region can be identified through different methods, such as analytical and box models, physical water vapour tracers (isotopes), and numerical water vapour tracers. A complete explanation and comparison of the methodologies used to study moisture transport have been reported by Gimeno et al. (2020).
The main objectives of this study were: 1) to identify the main climatological moisture sources for the four regions of grouped river basins of Ethiopia during the period 1980–2018 through a Lagrangian methodology; 2) to identify the occurrence of drought conditions in the target regions; and 3) to analyse the relationship between severely and/or extremely dry years and the anomalies of the moisture contribution to precipitation computed from their climatological oceanic and terrestrial sources of moisture.
1.1 Study Area
Ethiopia is a landlocked country located within the tropics (33°–48°E longitude and 3°–15°N latitude) of northeast Africa (Figure 1). It is bordered by Eritrea and Djibouti to the north and northeast, Somalia to the east, South Sudan and Sudan to the west and northwest, and Kenya to the south (Viste et al., 2013). With an area of approximately 1.11 million km2, it is the second most populous country in Africa (Awulachew et al., 2005; Worqlul et al., 2017; Liou and Mulualem, 2019). Ethiopia is a country of geographical diversity with topography varying from approximately 4,500 m above sea level in the north and central parts to approximately 100 m below sea level over the lowlands in the northeastern parts of the country (Figure 1) (Zeleke et al., 2013; Worqlul et al., 2017; Liou and Mulualem, 2019; Asefa et al., 2020). Approximately 35% of the central and northern parts of the country constitute the highlands, with elevations of 1,500 m or above (Seleshi and Zanke, 2004; Worqlul et al., 2017; Liou and Mulualem, 2019).
[image: Figure 1]FIGURE 1 | Geographical location of the 12 river basins of Ethiopia (A,B), and their elevation (in metres) (A). Elevation data were downloaded from hydrological data and maps based on the SHuttle Elevation Derivatives at multiple Scales (HydroSHEDS) project (available online at https://hydrosheds.org/).
Ethiopia’s proximity to the equator and the complexity of its topography play an essential role in regulating the annual cycle of precipitation and temperature (Asefa et al., 2020). Precipitation normally increases from north to south and from east to west, with a mean annual precipitation of 600 mm per year in the northeastern parts and 2,000 mm per year in the southwest parts of the country (Aerts et al., 2016; Asefa et al., 2020). The amount of precipitation over the mountainous regions is higher than that in the lowlands. The highland regions receive more than 1,200 mm per year, with a small temperature variation, while the lowland regions gain less than 500 mm per year with greater temperature variations (Aerts et al., 2016; Worqlul et al., 2017; Liou and Mulualem, 2019). Because of these complex topographical and geographical features, the climate of Ethiopia reveals strong spatial variations, and different parts of the country do not receive equal amounts of precipitation (Seleshi and Camberlin, 2005; Zeleke et al., 2013). The northeastern, eastern, and southeastern parts of Ethiopia receive less precipitation than the west of the country, and because of this, the three river basins located in these parts (Ogaden, Aysha, and Dinakle) are mostly dry. Likewise, most of the high-flow river basins, which occupy 80%–90% flow, are found in the west and southwestern parts of Ethiopia (Ayalew, 2018). Generally, Ethiopia has three climatic seasons: the main rainy season from June to September (Kiremt), a short rainy season from March to May (Belg), and a dry season from October to January (Bega) (Seleshi and Zanke, 2004; Diro et al., 2011; Fekadu, 2015; Dika, 2018; Alemayehu et al., 2020; Bayable et al., 2021). Kiremt is the major rainy season for most parts of the country (southwestern, northern, eastern, western, northwestern, and central parts), which represents up to 90% of the total precipitation in a year. By contrast, in the south and southeastern parts of Ethiopia, the Belg season is the main rainy season (Seleshi and Zanke, 2004; Misganaw, 2014; Fekadu, 2015).
Considering population density, there are two region types where water availability is limited: semi-arid regions in the east and north, and wet, densely populated regions in the southern highlands and the Rift Valley (Funk et al., 2012; Berhanu et al., 2014). Ethiopia is considered the water tower of the Horn of Africa owing to its substantial number of water resources (Awulachew et al., 2007; Berhanu et al., 2014). The country has 12 major river catchments, eight of which are river basins (Upper Blue Nile [Abbay], Tekeze, Awash, Danakil, Genale Dawa, Wabi Shebelle, Omo-Gibe, and Baro-Akobo), one is a lake basin (Rift Valley), and the remaining three are considered dry river basins (Merebe, Aysha, and Ogaden) owing to insignificant flow from the drainage system (Berhanu et al., 2014). These river basins provide an estimated annual runoff of approximately 125 billion m3, with the Upper Blue Nile (Abbay) accounting for approximately 45% of that volume (Asmamaw, 2015).
2 DATASETS AND METHODS
2.1 Datasets
Global outputs of atmospheric moisture changes for nearly 2 million parcels from the Lagrangian FLEXible PARTicle (FLEXPART) dispersion model (Stohl and James, 2004, 2005), with a resolution of 0.25° × 0.25° in latitude and longitude for a period of 39 years (1980–2018), were used in this study. Since the available model output data is for this period, analyses throughout the study were limited to this period. FLEXPART was forced using the ERA-Interim global reanalysis dataset from the European Centre for Medium-Range Weather Forecasts (Dee et al., 2011) with a spatial resolution of 1° × 1° on 61 vertical levels from the surface to 0.1 hPa.
The monthly integrated water vapour transport (IVT) is calculated as the composite of northward and eastward water vapour horizontal fluxes, both obtained from ERA-Interim reanalysis (Dee et al., 2011) at a horizontal resolution of 0.25°. From this source was also downloaded the vertically integrated moisture flux divergence (VIMF). These datasets are available at no cost from https://apps.ecmwf.int. The IVT represents the horizontal moisture transport in the atmosphere, while the VIMF is the horizontal divergence of moisture spreading outward from a point, per square metre, indicating whether atmospheric motions act to decrease due to divergence or increase because of the convergence of the vertical integral of moisture.
Monthly precipitation (PRE) and atmospheric evaporative demand (AED) values with a spatial resolution of 0.5° were obtained from the Climatic Research Unit (CRU) Time-Series version 4.05 (Harris et al., 2020). This dataset was used for this study since it was built from observational data, which ensures a reliable representation of climatic conditions in the study regions. In addition, this dataset has been previously assessed and used for hydrometeorological studies for Ethiopia, showing a good performance (e.g., Mulugeta et al., 2019; Reda et al., 2021; Degefu et al., 2022). Also, the modified version of the Penman-Monteith reference evapotranspiration equation was used in this dataset as a metric for AED, which has been recommended by the Food and Agriculture Organization (FAO), and is the most physical and reliable method among several methods that can be used to model AED (Allen et al., 1998).
The normalised difference vegetation index (NDVI) at a resolution of 0.05° derived from the NOAA Climate Data Record of the Advanced Very High-Resolution Radiometer was used for this study. This long-term record of remotely sensed vegetation observations permits a description of the health of vegetation in diverse regions around the world. Among various vegetation indices, NDVI is more sensitive to various vegetation covers (Leprieur et al., 2000; Roberts et al., 2011), especially in arid regions such as Ethiopia. Therefore, it is commonly used to identify and investigate the effects of drought on vegetation cover (Hassan et al., 2018).
2.2 Ward’s Method
For hydroclimatological studies, categorising different river basins into homogeneous precipitation aggregates warrants further analysis because it can deliver very similar results. Therefore, we used Ward’s hierarchical clustering method (Wilks, 2011; Bednorz et al., 2019) to determine the similarity in precipitation regimes between Ethiopia’s 12 major drainage systems. Ward’s method has been commonly used among several hierarchical clustering methods, and it has been widely applied by different researchers to define consistent precipitation zones (Munoz-Díaz and Rodrigo 2004; Ferreira and Hitchcock 2009; Murtagh and Legendre, 2014; Zhang et al., 2016; Sharghi et al., 2018; Stojanovic et al., 2021a; Beyene et al., 2021). Ward’s method was employed with Euclidean distance used as similarity measurement. The hierarchical clustering technique classifies data into a hierarchical structure based on the Euclidean distance between two groups (Murtagh and Legendre 2014; Tian et al., 2014). The Euclidean distance (D) is the length of the line segment between i number of two points (x, y) in the euclidean space, as indicated in Eq. 1.
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It differs from other methods because it is designed to generate which pairs of groups (e.g., A and B) will merge at each step by minimising the sum of squared distances between the points and the centroids of their groups (Unal et al., 2003; Zhang et al., 2016; Beyene et al., 2021), according to Eq. 2.
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where Δ represents the merging cost of combining the clusters A and B; [image: image] the centre of the cluster j, and [image: image] is the number of points in it (Distances between Clustering, 2009). The two most similar data would be clustered into one bough in the first step, and then in the next step, it will be used as a new unit. In each step, the two units are combined. Once a unit is assigned to a bough, it cannot be separated, and the algorithm continues until the last two units are joined. The outcome is a tree diagram showing the final number of clusters (Zhang et al., 2016).
An advantage of using cluster analysis is that can be generally easily implemented and further interpret the results. In the process, it is also not necessary to specify the number of clusters for the algorithm and a final dendrogram allows to select the optimum number of clusters for analysis. One advantage of Ward’s method compared with other hierarchical clustering methods is that it usually does not leave single-member clusters after a reasonable number of stages, and it tends to produce clusters with approximately the same number of entities (Dezfuli, 2011; Bu et al., 2020). However, one limitation of Ward’s method is that is computationally intensive and struggles to handle large datasets with more than a thousand observations because of that it is not recommended to be used with large datasets since it will take a lot of time to calculate (Tsiptsis and Chorianopoulos, 2009). In addition, the analysis and decisions on dendrograms may result difficult, leading to possible bad decisions, for which is necessary to analyse if the result makes sense or not.
2.3 Standardised Precipitation Evapotranspiration Index
Many drought indices have been developed and used by researchers worldwide to detect, analyse, and understand the characteristics of droughts on global, regional, and local scales (Saravi et al., 2009; Dai 2010; Hadish, 2010; Gebrehiwot et al., 2011; Herring et al., 2014; El Kenawy et al., 2016; Mohammed et al., 2018; Drumond et al., 2019). In general, precipitation is used to compute the indices. The standardised precipitation index (SPI) (McKee et al., 1993), for instance, is one of the most frequently used drought indices worldwide, as recommended by the World Meteorological Organization (Svoboda et al., 2012; WMO, 2012). However, several studies (Labedzki, 2007; Livada and Assimakopoulos, 2007; Naresh Kumar et al., 2009; Vicente-Serrano et al., 2010; Zarch et al., 2015) have indicated that SPI relying only on precipitation as input data for assessing drought is a major loophole. Although precipitation is the primary cause in controlling the occurrences of drought, the impact of other variables such as temperature in the context of global warming cannot be overlooked (Vicente-Serrano et al., 2012). For this reason, the SPEI (Vicente-Serrano et al., 2010) was utilised, which includes the role of temperature through AED in the assessment of drought. Besides, the SPEI has been widely used, demonstrating its usefulness for the most realistic representation of dry conditions that affect a given region (Hernandez and Uddameri, 2014; Wang et al., 2015; Ghebrezgabher et al., 2016; Delbiso et al., 2017; Stojanovic et al., 2018; Drumond et al., 2019; Tefera et al., 2019; Sorí et al., 2020; Stojanovic et al., 2021b).
The calculation of the SPEI is based on the original procedure used to calculate the SPI but includes the influence of the AED to estimate the severity of drought while maintaining the multiscale characteristics of the SPI (Beguería et al., 2014). The SPEI is computed using the monthly climatic water balance (precipitation minus AED) calculated at various timescales (i.e., accumulation periods) (Vicente-Serrano et al., 2010; Lweendo et al., 2017; Abara et al., 2020). These accumulation periods can be related to different drought types, such as 1-month SPEI for meteorological drought, 1–6 months SPEI for agricultural drought, and 6–24 months SPEI for hydrological drought (WMO, 2012). Detailed information for calculating SPEIs can be found in Beguería et al. (2014). In this study we calculated the 12-month SPEI (SPEI12) and was particularly used the SPEI12 of December, which provides the diagnoses of wet or dry conditions for December and the previous 11 months, permitting us to identify those years affected by severely and/or extremely dry conditions in the four aggrupations of major river basins of Ethiopia. The 1-month SPEI (SPEI1) SPEI1 was also used to understand the behaviour of dry conditions during years affected by severe and extreme drought conditions. Finally, the identification of the severely and/or extremely dry conditions during 1980–2018 follows the criteria of McKee et al. (1993) (Table 1).
TABLE 1 | Drought classification based on standardised precipitation evapotranspiration index (SPEI) values according to the classification proposed by McKee et al. (1993).
[image: Table 1]2.4 Lagrangian Methodology
The Lagrangian dispersion model, FLEXPART, allows the investigation of atmospheric moisture changes combined with the motion of air masses. Therefore, global outputs from this model were used to initially identify the annual climatological moisture sources of the four river basin groups that cover Ethiopia (Figure 2). This model considers an atmosphere divided into nearly two million particles or parcels of equal mass (m) that can be tracked backward or forward using three-dimensional wind field. For each tracked parcel, the changes of specific humidity (q) every 6 h (dt) are calculated along the trajectory, which can be adopted as the budget of evaporation (e) minus the precipitation (p) in the parcel, according to Eq. 3:
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[image: Figure 2]FIGURE 2 | (A) Graphical illustration of Ward’s method: tree diagram showing the assigned clusters, and (B) schematic representation of the clusters, named as: northeast (NE), southeast (SE), southwest (SW), and west (W).
By integrating the (e − p) values for all parcels (K) residing in the atmospheric column over the unit area (A), it is possible to estimate the total budget of atmospheric humidity (E − P), where E represents evaporation and P represents precipitation, as indicated in Eq. 4:
[image: image]
The computation of (E − P) in a backward experiment from the target regions allows us to identify regions where air masses gained ((E − P) > 0)) rather than lost atmospheric moisture before arriving at the target region. Areas with positive values were then considered as sources of moisture, whereas those where air masses lost moisture ((E − P) < 0)) are considered moisture sinks. If parcels are tracked forward in time for a delimited region, it is possible to estimate areas where air masses will lose moisture, which can be assumed to contribute to precipitation. For both the backward and forward experiments, the optimum integration times (in days) proposed by Nieto and Gimeno (2019) provide the optimal days, in which the Lagrangian precipitation is a better fit for precipitation in grids with a resolution of 0.25° latitude and longitude. The average integration times for the grouped river basins resulted from the cluster analysis were calculated.
Finally, to determine the most important sources of moisture for each region, the 95th percentile (p95) for (E − P) > 0 was obtained in the backward climatological experiment performed from the final study regions. This approach has been widely used to achieve similar objectives previously. The use of FLEXPART for the identification of sources of moisture has been widespread. This is because, compared to other methods such as Eulerian models and using isotopes, the Lagrangian approach provides a more robust assessment (Gimeno et al., 2020).
3 RESULTS
3.1 Spatial Regionalisation of Precipitation
Due to its geographic position near the equator and topography, the distribution of the mean annual precipitation in Ethiopia is subject to large spatial variations (Seleshi and Camberlin, 2005; Zeleke et al., 2013; Fazzini et al., 2015; Suryabhagavan, 2017). The regionalisation of precipitation by Ward’s method provided four major drainage systems groups (Figure 2A); the graphical representation of the 12 river basins that constitute each region is shown in Figure 2B. We based our decision on the analysis of the cluster analysis through the output of the tree diagram (dendrogram), which makes possible to hierarchically depict the groups of clusters and their combinations, indicating the level of similarity/dissimilarity in the vertical scale and the sample elements in clustering order on the horizontal axis. In the Dendrogram appears at first two well defined groups (dissimilar) that later are divided into other pairs of groups that indeed are also quite far. Thus, we decided to select these main four aggrupations from the Dendrogram obtained through Ward’s algorithm. For this, a subjective criterion based on the interest of our research was also taken into account. The selection of two groups seemed small to us, considering that the association distances between the four groups are appreciable, which allows us to focus the study on more study regions without compromising the distance of dissimilarity. According to Wilks (2011), the best number of clusters could be sometimes not obvious, and establishing the number of groups necessitates a subjective choice that depends on the objectives of the analysis. The results show that Mereb, Tekeze, Danakil Awash, and Aysha represent river basins with similar precipitation regimes and are classified here as the northeast (NE) region. Genale Dawa, Wabi Shebelle, and Ogaden belong to the southeast (SE) region. The southwest (SW) region includes the Omo-Gibe and Rift Valley catchments, and the Upper Blue Nile and Baro Akobo River basins belong to the western (W) region. These results differ from previous classifications: the National Meteorology Agency of Ethiopia categorised homogeneous rainfall regions into three clusters, Diro et al. (2011) into six clusters, and Gissila et al. (2004) into four clusters. Our selection of four regions is in agreement with the geographical characteristics of the country. The configuration of the SE region appears to be determined by river basins delimited by a rift valley that extends from the southwest of the country until the northeast coast, occupying the Hararge and Arsi Bale highlands and the southeastern lowlands. Similarly, the SW occupies the southwest highlands; the W is formed by river basins that occupy the Gojjam and Wollo highlands and the Western lowlands; and finally, the NE covers the northeast rift valley and the northern Simen mountains region.
3.1.2 Precipitation Regimes
The annual climatological cycle of precipitation for 1980–2018 for each of the four regions under study is shown in Figure 3. Visual analysis revealed great differences among the annual cycles, confirming the great spatial variability of the precipitation documented for Ethiopia. However, the annual precipitation cycle over the NE and W regions seemed very similar, with a predominantly unimodal behaviour, with the maximum precipitation occurring in August (145 and 251 mm/month, respectively) and July (133 and 247 mm/month, respectively). Precipitation decreased over the NE and W regions in the rest of the months until reaching minimum values in December (5 and 25 mm/month, respectively) and January (8 and 12 mm/month, respectively). The SE and SW regions were characterised by a bimodal precipitation pattern that was more pronounced over the SE region, while the maximum precipitation in every region occurred in different months. The rainiest months over the SE were April (115 mm/month) and May (102 mm/month), while those over the SW were May (149 mm/month) and August (142 mm/month). Similar to the NE and W regions, the lowest mean monthly precipitation values occurred in the Northern Hemisphere winter months, which is in agreement with previous studies (Seleshi and Zanke, 2004; Abebe, 2010).
[image: Figure 3]FIGURE 3 | Climatological annual cycles of precipitation (mm/month) from the Climatic Research Unit (CRU) (TS4.05) datasets, over the NE (grey), SE (orange), SW (green), and W (cyan) river basin groups. Period of study: 1980–2018.
3.2 Identification of Moisture Sources for Each Region
The annual climatological pattern of (E – P) > 0 obtained in a backward experiment for each of the four regions identified through the cluster analysis of each catchment’s precipitation during 1980–2018 is shown in Figure 4. For this analysis was considered the mean water vapour optimal annual integration times (in days) listed in Table 2.
[image: Figure 4]FIGURE 4 | Annual patterns of (E – P) > 0 obtained in a backward experiment for the (A) NE, (B) SE, (C) SW, and (D) W river basin groups. The extensions of the sources were delimited using percentile 95 (represented by a pink line). Period: 1980–2018.
TABLE 2 | Mean water vapour optimal annual integration time for each of the four river basin groups of Ethiopia; the northeast (NE), southeast (SE), southwest (SW), and west (W). Period 1980–2018.
[image: Table 2]The areas shaded by reddish colours represent regions where air masses gained humidity rather than losing humidity before reaching each region. The p95 used as a threshold for delimiting the most important moisture sources reveals a very similar pattern of (E − P) > 0 for the four regions, which extend over northeast Africa and west of the Indian Ocean (IO). However, some differences among the (E − P) > 0 patterns can be explained by the geographical location of the regions. For example, the moisture sources for the NE and W regions were more extended and intense over continental areas than over oceanic areas, covering a large part of northeast Africa (AfC), including the whole NE group, and part of the Arabian Peninsula (AP). With respect to oceanic sources, the NE receives moisture from the Mediterranean Sea (MS), Red Sea (RS), western IO, Persian Gulf (PG) and Arabian Sea (AS). For the SE and SW catchment regions, the spatial extension of the (E − P) > 0 patterns covered less extension of northeast Africa but were more extended over the IO. In addition, for both SE and SW, the p95 line does not include the MS source. Finally, the most intense values of moisture uptake were usually observed in and around the study regions, although for the SE region, the intensity of the pattern was also high over the western IO and AS regions. The mechanisms associated with moisture transport from the sources to the precipitation over Ethiopia are crucial to the contribution of each source. During the boreal spring, the Somali Jet begins to form as a low-level cross-equatorial one, bringing moist air from the southern IO to the southern escarpment of the Ethiopian highlands (Riddle and Cook, 2008; Riddle and Wilks, 2013). During the boreal summer, low-level flows from the Congo Basin to the southwest and the RS to the northeast converge over Ethiopian highlands, fuelling the Ethiopian summer rainy season (Jury, 2011; Viste and Sorteberg, 2011; Jury and Chiao, 2014). An analysis of the annual mean value of the IVT and its direction for the study period (Figure 5) reveals the predominant IVT entering Ethiopia predominantly by the southeast, arriving from the IO, where the magnitude of the IVT is very high (>200 kg m−1 s−1). The IVT also enters Ethiopia from the northeast, but to a lesser extent. These results based on an eulerian approach confirm the importance of the IO and the AR as sources of moisture for precipitation over Ethiopia, as revealed by the location and extension of sources in Figure 4.
[image: Figure 5]FIGURE 5 | Average pattern and direction of the IVT (kg m−1 s−1). Period: 1980–2018. The borders of Ethiopia are delimited in red.
3.2.1 Moisture Contribution for Precipitation From the Sources for Each River Basin Group
Once the sources of moisture were identified for each group of river basins, a forward analysis was performed from each of the sources to calculate the moisture contribution to precipitation ((E − P) < 0)) over each of the respective regions. The results are expressed as percentages and shown in Figure 6. For the basins grouped in the NE and W regions, the sources of moisture that most contribute to precipitation are the AfC (46%, 48%), while the second most important sources are the regions themselves (16% and 19%, respectively) (Figures 6A,D). As Ethiopia is located in the north of Africa and close to the equator, the annual rainfall is dominated by the migration of the ITCZ (Segele et al., 2009; Fazzini et al., 2015; Seregina et al., 2019), which supports the results explained earlier. Figure 4 shows that the NE also receives air masses that gain humidity from oceanic sources, such as the IO, PG, and RS, and their contributions to the total moisture loss are 4%, 1%, and 10%, respectively (Figure 6). Nevertheless, according to Viste and Sorteberg, 2011, the Ethiopian highlands receive a small contribution of moisture transported from the Gulf of Guinea. In addition, Mohamed et al. (2005) described the predominant influence of moisture flux of Atlantic origin over the northern Ethiopian Plateau. However, we did not identify any moisture sources from the Atlantic Ocean causing precipitation over the NE and W basins of Ethiopia. For the SW region, the AfC remains the most important moisture source, supplying 39% of the total moisture contribution to precipitation, followed by the IO (28%). However, because the SE region is closer to the IO, it receives a major contribution from this oceanic source, followed by the AfC (18%), AS (14%), SE itself (12%), and AP (8%). Thus, SE region is the only region that receives more than 50% of the moisture supply, which contributes to rainfall from oceanic sources. This is in agreement with the findings of Viste and Sorteberg, 2011, who reported that most of the moisture entering Ethiopia is via the African continent.
[image: Figure 6]FIGURE 6 | Percentages of moisture contribution (E − P < 0) from different sources to the four Ethiopian river basin regions: (A) northeast (NE), (B) southeast (SE), (C) southwest (SW), and (D) western (W), obtained via the forward analysis for the period 1980–2018. Blue and brown bars represent the total moisture contribution from oceanic and terrestrial sources, respectively. Key for the sources: IO, Indian Ocean (red), RS, Red Sea (cyan), MS, Mediterranean Sea (pink), PG, Persian Gulf (orange), AS, Arabian Sea (grey), AfC, African continent (green), AP, Arabian Peninsula (dark blue), and R, within the region’s river basins (yellow).
Figure 7 presents the correlation analysis between the series of precipitation over each region of study, and the corresponding series of |(E − P) < 0| computed through the forward experiment from the respective moisture sources. For NE, the correlations were positive, except for that obtained with the moisture contribution from AS, which was negative. Similarly, the moisture contribution to precipitation from AS and precipitation over the other regions had an inverse relationship, which may depend on the influence of the position and intensity of the Somali low-level jet during the boreal summer months. In the remaining regions, the correlations were predominantly positive, particularly for the W region, which confirms a direct relationship.
[image: Figure 7]FIGURE 7 | Pearson correlation values obtained between the series of precipitation over the NE, SE, SW, and W regions from the Climatic Research Unit and the |(E − P) < 0| computed over these regions on air masses tracked forward in time from all the sources (MS, RS; IO; PG; AS; AfC, AP, and R).
3.3 Assessment of Drought Conditions
3.3.1 Anomaly of Vertically Integrated Moisture Flux
The SPEI12 values for December were used to investigate the annual evolution of dry and wet conditions in each region during the study period (Figure 8). At this time scale, the SPEI permits the assessment of the occurrence of long-term drought, which can be associated with a combination of accumulated impacts on agriculture, streamflows, and reservoir levels. The negative (positive) SPEI12 values for December revealed a predominance of annual dry (wet) conditions for each year from 1980 to 2018, respectively. The dashed green line marks the threshold (−1.5), below which the SPEI indicates the occurrence of severe and extremely dry conditions. In 1984, the NE region was affected by extreme drought conditions, while in 2009 and 2015, it was affected by severe conditions. Philip et al. (2018) also described 2015 as a very dry year in northern and central Ethiopia. Extreme drought conditions affected the SE and SW regions in 1984, when in the W region, the SPEI12 almost reached the threshold of −1.5. This indicated that it was a dry year in all river basins throughout the country. This drought was associated with devasting famine and mortality that affected the entire Ethiopian economy and population in 1984, requiring support from global institutions and developed countries (Vestal, 1985; Dercon and Porter, 2014). The SE region was also affected by severe drought conditions in 1980 and 1999, the SW region in 1999 and 2002, and the W region in 1995 and 2009. Finally, the worst year in the W region was 2009, with severe drought conditions; this was also the most affected region that year. A report from the United Union in 2009 (UN, 2009) associated the successive failure of precipitation in this year and a substantial food shortfall and high prices globally with over six million drought victims. The temporal evolution of annual dry/wet conditions in the four study regions reveals that in some years (e.g., 1984, 2009), there was a simultaneous occurrence of drought that affected the four regions, although with different severity in each of them. However, this does not ensure that the phenomenon of drought occurs simultaneously in all the study regions that make up the country. In some years such as 1987, three regions were affected by dry conditions while the SE experimented wet conditions; in 1985 the W and SE regions were affected by wet conditions but negative SPEI12 indicate dry conditions in the NE and SW, or the year 2000, when the W region experienced extremely wet conditions but the other regions dry conditions.
[image: Figure 8]FIGURE 8 | Annual standardised precipitation evapotranspiration index (December-SPEI12) for the NE (A), SE (B), SW (C), and W (D) groups. Period: 1980–2018. The green dashed line indicates years where SPEI12 values were lower than −1.50 (severely dry conditions).
Annual (in percentages) and monthly (in mm/day) anomalies of the moisture contribution for those years in which severe and extreme drought affected the study regions were calculated, as shown in Figures 9A,B respectively. The number of months with negative anomalies of |(E – P) < 0| are summarised on the bars representing the annual anomalies from the sources (Figure 9A). In addition, the SPEI1 is also over plotted to the monthly anomalies of |(E – P) < 0| (Figure 9B); the visual analysis of both series allows characterising the behaviour of the SPEI1 and the contribution of the sources for each month of the years affected by severe and/or extreme drought conditions. Besides, it allows inferring the possible influence of peaks of the moisture contribution during a particular month on the value of the annual anomaly also plotted in the panel a of this figure. For the NE region, we analysed the anomalies over 3 years: 1984, 2009, and 2015. The annual anomaly values show that only the contribution from the PG experiences a decrease (30%); however, the climatological contribution from this source represents only 1% of the total contribution from the main moisture sources in the NE region. An analysis of the monthly anomalies in the contribution of each source showed that in most months, the negative anomalies coincided with negative values of SPEI1; however, in July 1984 there were high positive values in the contributions but negative values in SPEI1 (Figure 9B). Although most sources contributed more than the annual average in this year, the effect of the contribution in specific months masked what happened during the rest of the year. For example, for 8–9 months of 1984, the anomalies in the contribution from the MS and RS were negative, although, these are not the most important sources. In 2015, there was a reduction in the moisture contribution to precipitation from all sources in the NE region, except for a negligible percentage from the PG. In 1984, there was also a decrease in the moisture contribution from most of the sources to the precipitation over the NE region, including two of the most important sources, the AfC and AP, which prevailed in almost all months of the year. To support the understanding of the role of moisture contribution anomalies in the occurrence of severe and extreme drought conditions, VIMF anomalies were calculated (Figure 10). In 1984, 2015, and 2009, positive anomalies (red shades) of the VIMF prevailed over the NE region, which favoured the inhibition of convective movements and therefore precipitation. However, this analysis on an annual scale can frame the behaviour of a particular month in 1984, when the sources increased their contributions.
[image: Figure 9]FIGURE 9 | Left panel: Anomalies on the moisture contribution to precipitation |(E − P) < 0| (expressed in percentage) from every source during years affected by severe or extreme drought conditions in the study regions; NE (A), SE (B), SW (C), and W (D); and the number of months with a negative anomaly on the moisture contribution from each source (expressed in numbers). Right panels: SPEI1 and monthly anomalies of |(E − P) < 0| during each year in the study regions; NE (E), SE (F), SW (G), and W (H).
[image: Figure 10]FIGURE 10 | Anomalies of vertically integrated moisture flux (VIMF, unit: mm/day) for severe annual drought in each of the four [NE (A), SE (B), SW (C), and W (D)] regions of study (shown in Figure 2).
The years of extreme (1984) and severe (1980) droughts in the SE region witnessed a decrease in the moisture contribution from the sources to precipitation, except for the AP source. The monthly analysis of SPEI (SPEI1) for 1984 showed a possible temporal lag. Likewise, in both years, the number of months affected by negative anomalies of contributions was predominant. In another year affected by severe drought conditions (1999), the behaviour of the sources in terms of decreasing contribution was not as homogeneous. However, the deficit of moisture supplies from the RS and AS during 9 and 8 months of 1999, respectively. Here stand out that from the AS, taking into account that the average annual supply from this source represents a 14% of the total moisture lose over the SE region. The visual analysis results in Figure 10 reveal the predominance of positive VIMF anomalies over the SE region, particularly in 1984, thereby confirming the importance of dynamic conditions in the final hydroclimatic conditions of the region. Although the number of years with severe and extreme drought conditions in this region is low, the results confirm a more direct relationship between the accumulated moisture contribution deficit and the impact of droughts in the W region. In summary, although the analysis done in Figure 9 reveals the role of sources in the annual occurrence of droughts, the monthly anomalies of the contribution from the sources reveal that a more detailed analysis at the seasonal scale is necessary to better characterize their role in the occurrence of droughts.
For the SW region, the anomaly analysis indicated that in the driest year (1984), there were 8 months with reduced moisture contribution to precipitation from the RS source, while there were 7 months with the same conditions from the AP, PG, and AfC sources. The annual reductions from the RS and AP represented almost 20% and 14% of the historical average, respectively. However, these sources are not the largest contributors. However The AfC source only experienced an annual reduction of 3% but is the most important from a climatological point of view for this region. The temporal evolution of SPEI1 during this year shows an inconsistency in July and August when the anomalies of |(E − P) < 0| values were positive, but the SPEI1 was negative. In 2002, only two sources, the IO and PG, experienced a decrease in their contribution to the annual average, with negative SPEI1 values in 8 months of the year. It is worth highlighting the importance of the IO source, which is the second most important source for this region. The SW region was also affected by severe drought conditions in 1999, when the contribution from all sources, except the PG, decreased substantially. The temporal evolution of SPEI1 during this year reveals a good correlation between the evolution of the index and anomalies of moisture contributions from the different sources. The VIMF anomalies over the SW region during these years were mostly positive, mainly in 1984, which was the driest year. Finally, in the 2 years (2009 and 1995) affected by severe drought conditions in the W region, there was a negative anomaly in the contribution of moisture to precipitation from all moisture sources of this region, as well as unfavourable conditions for precipitation according to positive anomalies of the VIMF. The evolution of SPEI1 during these years was consistent with the monthly |(E – P) < 0| anomalies.
3.3.2 Drought Impacts on Vegetation
The vegetation dynamics in each region were investigated during severe and extreme annual droughts. To this end, the NDVI anomalies were calculated (Figure 11). For the NE region under the extreme drought of 1984, the NDVI anomalies were predominantly negative. This confirms the marked reduction in vegetation cover in a region characterised by the prevalence of dry evergreen Afromontane forest and Combretum-Terminalia woodland and wooded grassland (Friis et al., 2010). In 2015 and 2009, lower vegetation activity was observed in a large part of the NE region, particularly in the north, and south, respectively. Vegetation stress was also observed in a major part of the SE region due to extreme drought conditions in 1984, particularly in the southwest of this region. The results are also consistent for 1999, when severe drought affected the SE region and negative anomalies of the NDVI prevailed, although they were less intense than those found for 1984. NDVI anomalies were not calculated for 1980 because the relevant data were unavailable.
[image: Figure 11]FIGURE 11 | Anomalies in the normalised difference vegetation index (NDVI) for the NE (A), SE (B), SW (C), and W (D) regions under study during severe and extreme drought years.
For the SW region, negative NDVI anomalies were obtained for 1984, a year of extreme drought, which extended over the entire region. This is supported by the study conducted by Dagnachew et al. (2020) for the Omo-Gibe basin (located in the SW region), which described vegetation degradation in 1984. The years 2002 and 1999, which were the second and third most severe dry years for the SW region, respectively, showed less pronounced negative NDVI anomalies that are mostly located to the east in 2002 and south in 1999. Finally, in the W region, a common contrast was observed in vegetation growing conditions between the northeast and southwest in 2009 and 1995, both years affected by severe drought. However, it was contradictory to find a prevalence of positive NDVI anomalies in the year 1995. A possible explanation for this could be the occurrence of two previous years (1993 and 1994) characterised by severe wet conditions (Figure 8). To confirm this, future studies should identify the optimal temporal lag in which dry and humid conditions affect the vegetation conditions in these regions.
4 CONCLUSION
This study revealed the most important sources of moisture for precipitation in Ethiopian river catchments. For this purpose, a cluster analysis was implemented to reduce the 12 river basins that make up the country into a smaller group of major drainage systems with similar pluviometry characteristics. This resulted in four study regions named N, SE, SW, and W, according to their geographical position in the country. The analysis was based on a Lagrangian approach using global outputs from the FLEXPART model for 39 years (1980–2018) for ensuring accrued climatological results. This model permitted to track backward in time air masses and computed the moisture gain over time, which allows the identification of the most important oceanic and terrestrial moisture sources. These were the western IO, AS, PG, MS, and RS as well as terrestrial sources from the adjacent AfC, AP, and R. However, the MS was not selected as one of the most important sources for the SE and SW regions. The size of the sources differs, even when they originated from the same geographical region. The moisture contribution from these sources to precipitation (E − P) < 0 over the target regions was calculated by forecasting air masses occurring over the sources and considering the optimum integration times of the Lagrangian precipitation proposed in previous studies. This analysis revealed the crucial role of moisture recycling and moisture export within the African continent according to the major moisture contribution supply from the AfC, R, and AP sources to the precipitation over the NW, W, and SW regions. In contrast, the IO and AS are responsible for supplying 46% and 14% of the moisture loss over the SE region, respectively; thus, the oceanic origin of precipitation is significant in this region. Correlation analysis confirmed the direct relationship between the |(E − P) < 0| series and precipitation over each region.
Drought assessment using the SPEI on a 12-month scale identified the years affected by severe and extreme drought conditions in each of the study regions. The years in order of severity for the NE regions were 1984, 2015, and 2009; for the SE, 1984, 1980, and 1989; for the SW, 1984, 2002, 1999; and for the W, 2009, and 1995. During these years, a significant reduction in the moisture contributions from the sources occurred in combination with positive anomalies of the VMIF, which confirmed the inhibition of convection and precipitation processes. In 1984 for the NE region, analysis at the annual scale did not provide wholly consistent results; however, a monthly analysis partially supported an explanation. Finally, annual severe and extreme drought conditions reduced the vegetation activity, particularly in the NE, SE, and SW regions. Our ongoing research is focused on a more detailed seasonal analysis, which will provide more comprehensive information regarding the variability of precipitation sources. Further, its impact on Ethiopian seasonal rainfall and the associated influence of drought on hydrological cycles and vegetation.
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