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Abstract. 
Understanding long-term trends in hydroclimatic variables is important for future sustainable water resource management as it could show the possible regime shifts in hydrology. The main objective of this study was to analyze the homogeneity and trends of hydroclimatic data of Upper Awash Sab-Basin (UASB) in Oromia, Ethiopia, by employing homogeneity tests and Mann-Kendall and Sen’s slope tests. The data consist of 18 rainfall stations, 8 temperature stations, and 8 flow gauging stations across the UASB. Homogeneity and trends in streamflow, rainfall, and temperature variables were analyzed for the time period 1980 to 2017. In order to analyze homogeneity of hydroclimatic variables, we used four homogeneity tests (Pettitt’s test, Buishand’s test, standard normal homogeneity test, and von Neumann ratio test) at 5% significance level. Based on the outputs of four homogeneity tests, the results were classified into three categories, namely, “useful,” “doubtful,” and “suspect” to select the homogeneity stations. Mann-Kendall (Z) and Sen’s slope tests (Q) were applied for the selected homogeneous time series to detect the trend and magnitude of changes in hydroclimatic variables. The result showed that most of the stations in annual rainfall and streamflow data series were classified as useful. It is found that 58% of the rainfall stations were homogeneous. It is highlighted that 3 out of 8 discharge gauging stations have an inhomogeneity as they failed from one or a combination of the four tests. The MK revealed significant decreasing trends of annual rainfall in Addis Alem (Q = −19.81), Akaki (Q = −5.60), Hombole (Q = −9.49), and Ghinch (Q = −12.38) stations. The trend of annual temperature was a significant increasing trend in Addis Ababa Bole (Q = 0.05), Addis Ababa Tikur Ambessa (Q = 0.03), Tulu Bolo (Q = 0.07), and Addis Alem (Q = 0.06) stations. The results of discharge showed a significant increasing trend in Bega at Mojo (Q = 0.17) and Hombole (Q = 0.03) gauging stations. In general, the results obtained from discharge, rainfall, and temperature series indicated that most of the stations exhibited no trends in both annual and seasonal time series. It can be concluded that decreases in average annual rainfall totals and increases in mean annual temperature will probably drive sub-basin scale changes in discharge. We believe that the results obtained can fill information gaps on homogeneity and trends of hydroclimatic variables, which is very crucial for future water resource planning and management in the face of climate change.

1. Introduction
Climate change impacts will felt through altering patterns of agricultural production and water availability, with an increase in temperature and changing the rainfall patterns. The climate of the Earth has been changing through time [1]. According to Intergovernmental Panel on Climate Change (IPCC) assessment reports (2014), for instance, compared to any preceding decade since 1850, Earth’s surface temperature has been reported to be successively warmer for the last three decades [2]. It was also reported that the period 1983 to 2012 was likely the warmest compared to the last 1400 years’ temperature variation in the Northern Hemisphere. This indicates that it is in recent years that the effect of climate change has been felt through abrupt changes in hydroclimatic system at various spatial scales, agricultural production, and water availability [3, 4]. The change in both local and global climate, magnitude, and pattern of temperature and rainfall affect the rate and occurrence of hydrologic phenomena such as drought and flood. According to the Fifth Assessment Report of the IPCC, the global warming is anincreasing trend in the global average temperature by 0.74°C ± 0.18°C over the last 100 years (1906–2005) and likely a decreasing trend in annual rainfall [5]. In Africa, average precipitations have shown declining trends while increasing trends in average temperature, and in the future, the temperature in Africa is likely to grow more rapidly than in other regions, which could exceed 4°C at the end of the 21st century [2].
Globally, rainfall and temperature are among the most key climate variables which control and determine agricultural production activities in the 21st century [6–8]. For instance, climate extremes (drought and flood) accounted for about 18–43% of interannual variations in global crop yield [9]. As a subject of abrupt climate change studies, change detection and trend analysis in hydroclimatic time series have received growing attention over the years [10–12]. Thus, rainfall and temperature trend analysis often helps to recognize the magnitude and extent of climate change [2]. For example, in most African countries, particularly in Ethiopia, analyses of temporal and spatial climate variables including its trend are very crucial for sustainable agricultural and water management [13–17]. Due to changes in precipitation and temperature, the scarcity of water resources may become more severe [18, 19] and may greatly affect the hydrological system [20]. In response to change in climate, there is a marked tendency towards a decrease in the water resources and with a consistent increase in drought severity and duration [21]. Characterizing precipitation and flow trends is crucial for any design of sustainable water management strategies and to reduce the impact of droughts and floods [18, 22, 23].
An understanding of climate trends, variability, and prediction is very important for hydroclimatic studies in highly vulnerable areas [9, 22, 24–28]. However, before conducting researches related to changes in climate, agricultural system, hydrology, and water resources, data have to be checked for reliability and inhomogeneities. The interpretation of inhomogeneous data may lead to incorrect conclusions. In this regard, reliability of empirically observed data should be tested before application and further analysis to avoid ambiguous trend results [29]. In this context, conducting time series homogeneity tests before running any climate-driven hydrological model determines the reliability of our model prediction [30]. Thus, homogeneity tests of data series will help for the hydroclimatic-related studies. Time series data homogeneity tests can be classified into two groups, the absolute and relative methods [30]. The absolute test is applied for each station separately, whereas, in the relative method, the neighboring (reference) stations are used in testing the homogeneity of data series. As the study report showed, homogeneity analysis results depend on the selected test variable, the test algorithm, and the chosen significance level [29]. The commonly used absolute homogeneity tests to detect inhomogeneities in the hydrometeorological time series are the Pettitt’s test, the standard normal homogeneity test, the Buishand range test, and the von Neumann ratio test [30–35]. To evidence the degree of applicability of homogeneity test in hydrology, several studies have been done on the homogeneity test to detect and check inhomogeneities of data in the different regions of the world [25, 29, 36–40]. Meteorological data homogeneity analysis is the basis for the quantitative assessment of climate change and underpins the reliability of any inferences [41, 42].
The applications of statistical tests were very important to determine homogeneity and trends in the climatic series [39]. Though limited information was reported on the trend analyses of hydroclimatological data series in Awash River Basin, e.g., the work of [23, 43], no information is available on the homogeneity analyses of data series in the study area. Thus, before conducting any climatic analysis, the homogeneity of the time series must be confirmed and any inhomogeneous series must be detected, adjusted, or removed from the analysis [30]. Hence, evaluation of homogeneity tests is usually performed on the total annual precipitation data [44].
Climate time series analysis and modeling is one of the major tools used to detect and analyze change in climatic variables [18, 45–47]. Since modern agriculture was introduced, the Awash River Basin has been the most extensively developed and used river basin in Ethiopia, and thus, assessing the trends of climate and discharges in the Awash River Basin is very essential for the management of water resources for future socio-economic development [23, 43]. In view of that, Gedefaw et al. [43] conducted climatic and hydrological trend analysis in the Awash River Basin. They mainly found decreasing trends in precipitation and discharge, while increasing trends were detected for temperature. Similarly, the study reported by [23] highlighted the predictability of time series changes in seasonal and annual rainfall and discharge from changes in hydroclimatic variables. Furthering the finding, Worku et al. [28] observed changes in daily rainfall and temperature extremes in the Upper Blue Nile Basin, Ethiopia, which showed that due to change in observed climate trends and extreme events, the signs of climate change were detected over the study area. In the past few years, several studies have been focused on the climatic and hydrological trend analysis over the country [23, 24, 43, 48, 49] using Mann-Kendall and Sen’s slope tests. They found that there has been a significant change in rainfall and temperature trends. However, no studies have been reported in the Upper Awash Sab-Basin (UASB) for investigating both homogeneity and trend of discharge and rainfall, using time series analysis simultaneously. To address these information gaps, due consideration needs to be given to the data quality control and homogeneity test before conducting any climatic and hydrological studies for future water resource management and planning.
The objective of this study was to analyze the homogeneity and trend of UASB hydroclimatic data from 1980 to 2017 by employing homogeneity, Mann-Kendall, and Sen’s slope tests on the seasonal and annual rainfall, temperature, and discharge data. This remaining portion of the paper is organized into materials and methods, results and discussion, and conclusion. The materials and methods section introduces description of the study area and meteorological and hydrological datasets, as well as the statistical approaches of homogeneity and trend testing. The outcomes of the homogeneity and trend analysis, the monthly and annual discharge, and rainfall and their temporal changes, as well as annual and seasonal hydroclimatic trends are described in the results and discussion section followed by conclusions based on the obtained results.
2. Materials and Methods
2.1. Study Area
This study was undertaken on the upper part of the Awash River Basin in Ethiopia that is located between 8°16′ and 9°18′ north latitude and between 37°57′ and 39°17′ east longitude with altitude varying from 1580 to 3396 m from the above mean sea level (Figure 1). Upper Awash sub-basin has been selected for the study of homogeneity and trend detection in hydroclimatic variables due to change in climate and human-induced interferences, because of urbanization, rapid population growth, and industrialization in the area. The UASB shares its boundaries with the Upper Blue Nile Basin in the northwest, middle Awash Sab-Basin in the east, Omo Gibe and rift valley in the west, and Wabi Shebelle Basin in the south, respectively. The sub-basin area covers a surface of about 7656 km2. Awash River is among the main sources of water supply for the central rift valley of Ethiopia. The mean annual rainfall over the basin reaches a value of 1030 mm and the temperature for the time period of 1980–2010, the minimum and maximum mean value, and the average of minimum and maximum values are 10.16°C, 25.05°C, and 17.60°C, respectively [49].


	
		
			
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
		
		
		
			
			
				
			
		
	
	
		
			
		
	
	
		
			
			
			
			
		
		
			
			
			
			
			
			
			
		
		
			
		
			
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	

Figure 1: Study area location in the Upper Awash River Basin of central rift valley of Ethiopia.


2.2. Data
Eighteen meteorological stations and eight hydrological gauges were considered in the analyses. Available meteorological data of daily time period 1980–2017, including rainfall and minimum and maximum temperature data were obtained from the National Meteorology Agency (NMA) of Ethiopia. For this data analyses, a time series of no missing values were selected at each station. The location of the meteorological and discharge gauging stations in the sub-basin are shown in Figure 2 and the general information of meteorological and discharge stations is listed in Table 1. The discharge data were collected from Ethiopian Ministry of Water Resources (MoWR). Meteorological and hydrological data analyses were conducted at each of the UASB stations. The latitude, longitude, elevation, and mean annual discharge of eight gauging stations are listed in Table 2.


	
		
	
	
		
	
	
		
			
			
		
		
			
			
				
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
		
	

Figure 2: Location map of meteorological and discharge gauging stations in the UASB.


Table 1: General information of meteorological stations.
	

	No	Station	Latitude (°N)	Longitude (°E)	Elevation (m)	Annual mean rainfall (mm)	Average temperature (°C)
	

	1	Addis Ababa Bole	9.03	38.75	2354	1069.1	16.5
	2	A. A. Tikur Ambessa	9.02	38.74	2386	1215.4	17.2
	3	Addis Alem	9.05	38.38	1600	1096.5	16.9
	4	Akaki	8.86	38.78	2057	975.6	19.9
	5	Debrezeit	8.73	38.95	1900	852.3	19.1
	6	Holeta	9.07	38.48	2380	1037.9	14.5
	7	Mojo	8.62	39.17	1870	967.9	20.3
	8	Tulu Bolo	8.67	38.22	2100	1158.6	17.2
	9	Dertu Liben	8.97	38.12	1991	739.3	
	10	Ejere	8.77	39.25	2245	881.9	
	11	Ghinch	9.02	38.13	2132	1149.9	
	12	Guranda Meda	8.90	38.58	2187	1097.9	
	13	Hombole	8.37	38.77	1665	912.9	
	14	Sebeta	8.92	38.65	2240	1149.6	
	15	Sendafa	9.15	39.00	2560	1090.4	
	16	Teji	8.83	38.36	2091	939.7	
	17	Welenkomi	9.00	38.25	2165	999.5	
	18	Zequela	8.86	38.86	3050	1204.3	
	Average	 	 	 	 	1029.9	17.7
	


Data not available (the station that has no temperature recording stations).


Table 2: General information of discharge gauging stations.
	

	No	Station	Latitude (°N)	Longitude (°E)	Elevation (m)	Mean annual percentage (m3/s)
	

	1	M. Kunture	8.70	38.60	2332	30.87
	2	Hombole	8.38	38.78	2300	43.59
	3	Holeta	9.08	38.52	2322	1.46
	4	Mojo	8.60	39.08	2175	5.51
	5	Akaki	8.88	38.78	2100	18.17
	6	Teji	8.63	38.28	2415	3.13
	7	Ghinch	9.03	38.15	2370	1.05
	8	Melka Sedi	8.77	38.98	2125	62.84
	



2.3. Statistical Methods
Data inhomogeneity can affect assessment of hydroclimatic extremes and trends. In this study, three statistical approaches were used to analyse the homogeneity and the trend in hydroclimatic time series. First, the absolute homogeneity tests analyses of the annual and seasonal discharge and rainfall time series were performed at each station for the entire basin. Second, the MK and Sen’s slope tests have been applied to the selected homogeneous time series of annual and seasonal discharge, rainfall, and temperature to determine increasing or decreasing trends in the data series. The rainfall, temperature, and discharge data analyses were performed based on annual and three seasonal periods, Kiremt (June–September), Bega (October–January), and Belg (February–May), as this helps to provide a seasonal comparison of changes in the hydroclimatic variables.
2.4. Homogeneity Test
Hydroclimatic homogeneity tests allow detecting a change along with a time series data [36, 50]. As it supports the consistency of any inferences, homogeneity testing is one of the most important analyses in climate-related studies [42]. It is very crucial to carry out different hydroclimatic homogeneity tests, before applying any climate impact studies. Using unreliable observed meteorological data for hydrological and climate studies might lead to wrong conclusions, thereby suggesting data homogeneity tests and data quality control. Homogeneity test analysis depends on the chosen significance level, test algorithm, and test variable [29]. For instance, Wijngaard et al. [40] used four homogeneity tests, viz., standard normal homogeneity test (SNHT), Pettitt’s test, Buishand range test (BRT), and von Neumann ratio (VNR) tests to assess the European climate conditions. Similarly, in this study, we used these four homogeneity tests to minimize unreliability issues due to data inhomogeneity and to detect and remove the inhomogeneous stations for the trend analysis of hydroclimatic variables.
2.4.1. Buishand’s Test (BRT)
Buishand’s test [32] supposes that tested values are independent and identically normally distributed (null hypothesis), whereas the alternative hypothesis assumes that the series has a jump-like shift or break [51]. This test is more sensitive to breaks in the middle of the time series [37]. The test statistics, which are the adjusted partial sums [32], are defined as
When series are homogeneous, the values of  will fluctuate around zero because no systematic deviations of the Yi values with respect to their mean will appear. Q-statistics: if a break is present in year K, then  reaches a maximum (negative shift) or minimum (positive shift) near the year k = K.
R-statistics (range statistics) are
Accordingly, Buishand [32] gave critical values for Q and R for different dataset lengths.
2.4.2. Pettitt’s Test
The Pettitt’s test [34] is a nonparametric test adapted from the rank-based Mann–Whitney test that permits detecting the point at which the shift occurs in a time series. Pettitt’s test is more sensitive to the breaks in the middle of the series [37]. The ranks R1, …, Rn of the Y1, …, Yn are used to calculate the statistics:
If a break occurs in year K, then the statistic is maximal or minimal near the year k = K:
2.4.3. Standard Normal Homogeneity Test (SNHT)
The SNHT [52] is one of the most popular likelihood ratio tests in climate and hydrology studies used to detect inhomogeneities in climatological, hydrological, and any other time series. In this test, the alternative and null hypotheses are the same as in the Buishand’s test. However, unlike the Buishand’s test, SNHT is more sensitive to the breaks at the beginning and end of the time series [30, 37, 53]. A statistic T(k) compares the mean of the first k years of the record with that of the last (n − k) years; Alexandersson and Moberg [31] proposed a statistic T(k) as follows:
S is the estimated standard deviation. If a break is located at the year K, then T (k) reaches a maximum near the year k = K. The test statistic T0 is defined as
The probability of rejecting the null hypothesis when T0 exceeds a certain critical value depends on the sample size [30, 31]. Then, the series would be classified as inhomogeneous at a 95% level of significance.
2.4.4. von Neumann Ratio Test (VNRT)
The VBR [35] is a nonparametric test most widely used to detect nonhomogeneity in time series. In this test, the null hypothesis is that the data are independent identically distributed random values, whereas the alternative hypothesis is that the values in the series are not randomly distributed. The test does not give any information about the point of a break but provides an estimation of the overall level of inhomogeneity in the data. The von Neumann ratio N is defined as the ratio of the mean square successive (year to year) difference to the variance:
Hereafter, for each of the test descriptions, n is the dataset length, Yi is the Ith element of the dataset, and  is the mean value of the dataset. When the sample is homogeneous, the expected value is N = 2. If the sample contains a break, then the value of N tends to be lower than this expected value. If the sample has rapid variations in the mean, then values of N may rise above two [54]. In this study, according to [40] recommendation, critical values of 1.50, 107, 7.65, and 1.42 are used for BRT, Pettitt’s test, SNHT, and VBR test, respectively.
2.4.5. Evaluation of Homogeneity Tests
In this study, absolute homogeneity tests of the total annual rainfall and mean annual streamflow time series were used to find inhomogeneity in the datasets. Based on the results obtained from four homogeneity tests, according to the methods proposed by [40], the statistical test results were categorized into three classes, which are “useful,” “doubtful,” and “suspect.” After individually tested, each of the hydroclimatic variables and their categories (useful, doubtful, and suspect) were combined for a final evaluation of the usefulness of time series. This can be described as the series that rejects one or none categorized as “useful,” the series that rejects two null hypotheses categorized as “doubtful,” and the series that rejects three or all tests of null hypothesis under the four tests at 5% significance level categorized as “suspect” [26, 40, 55]. Based on the alpha value of 0.05 (95% confidence level), if the  value is greater than alpha value, therefore, the series is homogeneous. The SNHT, BR test, and Pettitt’s test assume the series consisted of break, and on the other hand, VNR cannot detect the year of the break because the series is not randomly distributed under the alternative hypothesis [30]. The estimation of the usefulness of rainfall and streamflow time series was derived from the individual assessment of four homogeneity tests, and this integrated evaluation was used for trend analysis and interpretation of changes in selected annual and seasonal hydroclimatic variables.
2.4.6. Trend Analyses
We used the modified Mann-Kendall trend [56] mainly developed from Mann-Kendall [57, 58]. Mann-Kendall (MK) and Sen’s slope tests were applied for the selected homogeneous hydrological and meteorological variables. Trend analysis is an effective method to detect changes in climatic and hydrological variables [14, 16, 20, 26, 55, 59–61]. The Mann-Kendall test has been widely used to detect trends in reference evapotranspiration, streamflow, temperature, and precipitation time series in different regions around the world [14, 15, 23, 24, 47, 62–65]. In this study, a modified Mann-Kendall trend test was used to detect the change in streamflow, rainfall, and average temperature. Mann-Kendall trend test and Sen’s slope were used to evaluate the trend of streamflow, mean annual temperature, and rainfall in the area. The Mann-Kendall statistic of the time series data analyzes the output, compared to the critical value to test whether the trend of the hydroclimatic variables has been detected or not. Data for performing the Mann-Kendall analysis should be in a time sequential order. The first step is to determine the sign of the difference between consecutive sample results. Sgn (Xj − Xk) is an indicator function that results in the values 1, 0, or −1 according to the sign of Xj − Xk where j > k. A positive value is an indicator of an increasing (upward) trend and a negative value is an indicator of decreasing (downward) trend. The MK statistic (S) is given by the following equations:where  and  represent the data points in period  and . While the amount of data series is larger than or equivalent to ten , since n ≥ 10, the MK test is then categorized by a standard distribution with the mean  and variance  is given aswhere m is the number of the tied groups in the time series and  is the number of ties in the  tied group. From this, the test  statistics is obtained using an approximation as follows:
In a Z test, the null hypothesis (Ho) implies no trend and the alternative hypothesis (Ha) means a significant change in time series. The positive Z value indicates an increasing trend, whereas the negative z value indicates a decreasing trend. A significant trend at 0.1, 0.05, and 0.01 significance levels exist when the |Z| > 1.645, |Z| > 1.96, and |Z| > 2.576, respectively [66]. Therefore, in this study, 90, 95, and 99% confidence levels were applied to analyse the hypothesis.
2.4.7. Sen’s Slope Trend Detection
The magnitude of the detected trends was calculated using the Sen’s slope test [67, 68]. Several studies used the Sen’s slope estimator for trend detection [15, 23, 43, 55]. This test computes both the slope (i.e., linear rate of change) and intercept according to Sen’s method. First, a set of linear slopes is calculated as follows:for (1 ≤ i < j ≤ n), where d is the slope, Y denotes the variable, n is the number of data, and i, j are indices.
Sen’s slope is then calculated as the median from all slopes: β = Median (). β positive means the trend is increasing whereas β negative means a decreasing trend.
3. Results
Monthly and annual data from each rainfall and streamflow station are tested by the four homogeneity tests (Pettitt’s, SNHT, BRT, and VNR). The annual and seasonal temporal trend analysis of rainfall, temperature, and streamflow time series were performed using Mann-Kendall methods at a 5% level of significance at each station. The monthly and annual homogeneity tests analyses were followed by spatial-temporal trend analyses of selected seasonal and annual hydroclimatic time series.
3.1. Monthly Rainfall Homogeneity Test Results
3.1.1. SNHT
The critical values of the SNHT results are shown in Figure 3(a). In this study, according to [40], the critical value of T0 = 7.65 was considered at a 95% confidence level for the given sample size. Thus, the estimated statistical test for the monthly data series lower than this value was considered as homogeneous. As shown in Figure 3(a), except at Debre Zeit, Sebeta, Sendafa, and Addis Ababa Tikur Ambessa stations, the rainfall data series reveals inhomogeneity in one or more months in all remaining stations. The results revealed that rainfall time series for the months of January and December were found homogeneous at all stations. The SNHT statistics estimated for the rainfall time series at Dertu Liben, Ejere, Guranda Meda, Holeta, Mojo, Welenkomi, and Zequala stations were higher than the critical value in most months, whereas the remaining stations were lower than the critical value, except for a few months. It was found that inhomogeneity was detected at different stations in different months. For instance, the rainfall time series were found inhomogeneous in November at the Addis Ababa Bole, October at Akaki and Tulu Bolo, May at Ghinch, and May and August at Hombole stations. Moreover, inhomogeneity was detected at Dertu Liben, Zequala, and Welenkomi in ten months, at Ejere and Mojo in nine months, and at Guranda Meda and Holeta in eight months under the SNHT test.
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(d)
Figure 3: Results of (a) SNHT; (b) Pettitt’s; (c) BR; and (d) VNR tests for monthly rainfall time series.


3.1.2. Pettitt’s Test
The critical values of the Pettitt’s test results of each station are shown in Figure 3(b). The critical value of the test statistics (Xk = 107) at a 95% confidence level was used to determine the homogeneity of rainfall data series. If the critical value is higher than the estimated statistical test, the rainfall data series was considered as homogeneous, whereas, if the test statistic is higher than the critical value, the data series was considered as inhomogeneous. As shown in Figure 3(b), the Pettitt’s test statistics estimated for the monthly rainfall time series at Addis Alem, Akaki, Ghinch, Hombole, Sebeta, Teji, and Tulu Bolo stations were lower than the critical value in all months. Monthly rainfall data series at stations in Sendafa, Debre Zeit, Addis Ababa Tikur Ambessa, and Addis Ababa Bole were found inhomogeneous for a few months as the estimated test statistics was higher than the critical value. The monthly rainfall time series were found inhomogeneous in February and November at the Addis Ababa Bole, in August at Addis Ababa Tikur Ambessa, in February, May, and June at Debre Zeit, and in February, March, and June at Sendafa stations. Inhomogeneity was detected at Dertu Liben, Holeta, Guranda Meda, and Ejere in nine months, at Mojo in ten months, and at Zequala and Welenkomi stations in eleven months under the Pettitt's test.
3.1.3. Buishand’s Test
The results of the Buishand’s test obtained for monthly rainfall time series at selected stations are shown in Figure 3(c). The critical value of the test statistics threshold line at Q = 1.50 was used to identify homogeneity in monthly rainfall time series at a 95% confidence level. The estimated test statistics higher than 1.50 values were considered as inhomogeneous. Similar to the SNHT and Pettitt’s test inhomogeneity was detected in monthly rainfall time series for December at most stations. As it is shown in the figure, the Buishand’s test detected homogeneous monthly rainfall series for most of the stations, except at Dertu Liben, Ejere, Guranda Meda, Holeta, Mojo, Welenkomi, and Zequala. The Addis Ababa Bole rainfall time series was found inhomogeneous in March, June, July, August, September, and December, while the Addis Ababa Tikur Ambessa station data were found inhomogeneous in June, July, October, and November. Rainfall data series were found homogeneous for most of the stations, except for few months in April, July, and September at the Addis Alem; in June, July, September, November, and December at Akaki; in April and November at Debre Zeit, in May and June at Debre Zeit, in July and November at Ghinch; in July at Hombole, in April, August, September, and November at Sebeta; in January and November at Sendafa, in March and November at Teji, in January and July at Tulu Bolo stations. Overall, monthly rainfall time series of eleven months at Mojo and Welenkomi, ten months at Dertu Liben and Ejere, nine months at Guranda Meda, eight months at Holeta and Zequala stations were found inhomogeneous under Buishand’s test. Comparing to the SNHT and Pettitt’s tests, the Buishand’s test found inhomogeneous time series data in more stations.
3.1.4. von Neumann’s Test
The results of von Neumann’s test obtained for monthly rainfall time series at each station are given in Figure 3(d). As shown in the figure, the von Neumann’s test result has two threshold lines. The threshold line of this test at N = 1.42 value was used to identify homogeneity in monthly rainfall data series at a 95% confidence level. The critical value of the estimated test statistics for the rainfall data series less than 1.42 was considered homogeneous, whereas higher than this value were considered inhomogeneous data series. The VNR test statistics estimated for the monthly rainfall data series at Dertu Liben, Ejere, Guranda Meda, Holeta, Mojo, Welenkomi, and Zequala stations are higher than the critical value in most of the months, whereas in the remaining stations, homogeneous data series were found for most of the months except for a few months. It can be noted that inhomogeneity was detected in rainfall data series in one or more months in every station. The threshold line of test statistics above 2.0 indicates that there are a break and rapid variation in the monthly means of the rainfall data series. Accordingly, the estimated test statistics for the data series higher than the threshold line at Addis Ababa Ambessa in months of January and March, at Akaki in January, at Dertu Liben in most months, except in January, March, and June, at Ejere in March, June, July, August, and September, at Guranda Meda in March, April, September, October, and November, at Holeta in February, March, April, June, and July, at Hombole in November, at Sebeta in January and December, at Welenkomi in March, August, October, November, and December, and at Zequala in most months, except in January, February, March, and December under the VNR test.
Based on the results of four homogeneity tests analyzed, 10 rainfall stations were categorized as homogeneous time series as the null hypothesis for the SNHT, Pettitt’s test, BR, and VNR tests are not rejected at a 5% level of significance (Figure 3).
3.2. Evaluation of Monthly Rainfall Time Series Homogeneity Test Results
Based on the monthly rainfall data series analyses results obtained, using different tests were classified into three groups, as shown in Table 3. In this table, the characters (U: useful; D: doubtful; S: suspect) were used to classify homogeneity of monthly rainfall data series at each station. It can be seen that monthly rainfall time series inhomogeneity tests were detected at different stations. The monthly rainfall data belonging to Addis Ababa Bole, Addis Ababa Tikur Ambessa, Addis Alem, Akaki, Debre Zeit, Ghinch, Hombole, Sebeta, Sendafa, Teji, and Tulu Bolo stations showed homogeneity characteristic according to all tests. In December, except for Welenkomi and Zequala stations, all tests found homogeneous (labeled as useful). Since all homogeneity tests have identified the annual precipitation series of Dertu Liben, Ejere, Guranda Meda, Holeta, Mojo, Welenkomi, and Zequala as inhomogeneous, except for few months, the series has been labeled as suspect under all tests. So, any analysis of climate trends must be taken seriously, before further data analyses.
Table 3: Summary of monthly rainfall time series using different homogeneity tests.
	

	Station	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sept	Oct	Nov	Dec
	

	AA Bole	U	U	U	U	U	U	U	U	U	U	U	U
	AAT Ambessa	U	U	U	U	U	U	U	U	U	U	U	U
	Addis Alem	U	U	U	U	U	U	U	U	U	U	U	U
	Akaki	U	U	U	U	U	U	U	U	U	U	U	U
	Debre Zeit	U	U	U	U	U	U	U	U	U	U	U	U
	Dertu Liben	U	S	S	S	S	S	S	S	S	S	S	U
	Ejere	U	S	S	S	S	S	S	S	S	D	S	U
	Ghinch	U	U	U	U	U	U	U	U	U	U	U	U
	Guranda Meda	D	S	S	S	S	S	S	S	S	S	S	U
	Holeta	D	S	S	S	S	S	S	S	S	S	D	U
	Hombole	U	U	U	U	U	U	U	U	U	U	U	U
	Mojo	U	S	S	S	U	S	S	S	D	S	S	U
	Sebeta	U	U	U	U	U	U	U	U	U	U	U	U
	Sendafa	U	U	U	U	U	U	U	U	U	U	U	U
	Teji	U	U	U	U	U	U	U	U	U	U	U	U
	Tulu Bolo	U	U	U	U	U	U	U	U	U	U	U	U
	Welenkomi	S	S	S	S	S	S	S	S	S	S	S	S
	Zequela	S	S	S	S	S	S	S	S	S	S	S	S
	


U: useful; D: doubtful; S: suspect


3.3. Annual Rainfall Time Series Homogeneity Tests
The summary of the four homogeneity test (Pettitt’s test, SNHT, BRT, and VNR) results obtained for annual rainfall time series at different stations are shown in Table 4. The alpha value 0.05 (95% significance level) was used to identify homogeneity in the annual rainfall data series. The estimated test statistics for the annual rainfall data series higher than the alpha values were considered as homogeneous, whereas when the  values were lower than the 5% significance level, data series were considered to be inhomogeneous. The results of the VNR test showed annual rainfall data series were found to be inhomogeneous for 5 stations, whereas the BR test showed inhomogeneities for 9 stations. The Pettitt’s and SNH tests showed that the annual rainfall data series were inhomogeneous for 8 stations. The results of all tests showed the annual series of 10 rainfall stations were found homogeneous (labeled as “useful”). As it has been shown in the table, 7 stations were detected inhomogeneous under all tests. Accordingly, 58% of the rainfall stations were categorized as “useful,” only 5% of the stations were categorized as “doubtful,” and 37% of the rainfall stations were categorized as suspect (Figure 4). Thus, rainfall stations that fall under useful category or homogeneous data series were selected for trend analyses and further climate-based study.
Table 4: Rainfall results of four homogeneity tests at 95% significance level.
	

	No	Station	‐value of test statistics	Remark
	Pettitt’s test	SHNT	BRT	VNR test
	

	1	Addis Ababa Bole	0.928	0.383	0.770	0.943	Useful
	2	Addis Ababa T. Ambessa	0.678	0.743	0.649	0.879	Useful
	3	Addis Alem	0.104	0.056	0.101	0.335	Useful
	4	Akaki	0.145	0.179	0.232	0.440	Useful
	5	Debre Zeit	0.437	0.947	0.730	0.945	Useful
	6	Dertu Liben	0.001	0.000	0.001	0.017	Suspect
	7	Ejere	0.008	0.023	0.014	0.037	Suspect
	8	Ghinch	0.049	0.244	0.107	0.157	Useful
	9	Guranda Meda	0.000	0.001	0.000	0.077	Suspect
	10	Holeta	0.015	0.043	0.017	0.465	Suspect
	11	Hombole	0.157	0.008	0.035	0.187	Doubt
	12	Mojo	0.003	0.006	0.001	0.062	Suspect
	13	Sebeta	0.46	0.146	0.005	0.750	Useful
	14	Sendafa	0.602	0.880	0.666	0.971	Useful
	15	Teji	0.669	0.857	0.821	0.750	Useful
	16	Tulu Bolo	0.542	0.547	0.437	0.091	Useful
	17	Welenkomi	0.002	0.008	0.000	0.034	Suspect
	18	Zequela	0.001	0.000	0.001	0.054	Suspect
	


The bold numbers represent inhomogeneity in the corresponding stations and test statistics.




	
	
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	

Figure 4: Categories of rainfall stations distribution (%).


3.4. Monthly Discharge Homogeneity Test Results
The results obtained using Pettitt’s, SNHT, BRT, and VNR tests are given in Figure 5. Similar to the rainfall homogeneity test, the annual and monthly discharge time series of UASB were studied using four homogeneity tests. In this study, according to [40], the critical values used to determine the homogeneity of discharge data series for Pettitt’s, SNHT, BRT, and VNR tests are 107, 7.65, 1.50, and 1.42, respectively, at a 95% confidence level. All estimated statistics of the discharge data series less than those values were considered as homogeneous.
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(d)
Figure 5: Result of (a) SNHT; (b) BR; (c) Pettitt’s; and (d) VNR tests for monthly discharge data series.


In SNHT, BRT, and VNR statistics estimated for the discharge time series at Melka Kunture, Teji, and Melka Sedi gauging stations were higher than the critical value in most of the months. It was found that in all test statistics, inhomogeneity was detected at different stations for the different months. Overall, inhomogeneity detected in monthly discharge data series of four months at Melka Kunture by all tests and four months at Teji and Melka Sedi by SNHT, BRT, and VNR tests. Compared to all tests, Pettitt’s test found homogeneous data series in most of the stations, whereas Buishand’s test detected inhomogeneity in most of the stations.
The summary results of homogeneity tests obtained for monthly discharge data series at each station are shown in Table 5. Similar to homogeneity tests in rainfall data series, the same characters (U, D, and S) were used to classify homogeneity of monthly discharge data series at each station separately. Results suggest that discharge data series for most of the months were categorized as useful. The data series were found doubtful for the month of April at Melka Kunture and Teji , for July at Melka Sedi and Teji, for March, June, and August at Teji stations. On the other hand, the discharge data series were found suspect for most months at Melka Kunture, Teji, and Melka Sedi stations. Based on the results of all tests, 5 discharge gauging stations were categorized homogeneous time series as the null hypothesis for the SNHT, Pettitt’s test, BRT, and VNR test are not rejected at 5% level of significance.
Table 5: Summary of monthly discharge data series using different homogeneity tests.
	

	Station	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sept	Oct	Nov	Dec
	

	Melka Kunture	S	S	S	D	S	S	S	S	S	U	S	S
	Hombole	U	U	U	U	U	U	U	U	U	U	U	U
	Mojo	U	U	U	U	U	U	U	U	U	U	U	U
	Akaki	U	U	U	U	U	U	U	U	U	U	U	U
	Teji	S	S	D	D	S	D	D	D	U	U	S	U
	Melka Sedi	U	S	S	S	S	S	D	U	D	D	S	U
	Holeta	U	U	U	U	U	U	U	U	U	U	U	U
	Ghinch	U	U	U	U	U	U	U	U	U	U	U	U
	


U: useful; D: doubtful; S: suspect


3.5. Annual Discharge Homogeneity Tests
The results obtained for annual discharge data series homogeneity tests at each station are shown in Table 6. The Pettitt’s test and SNHT detect inhomogeneity of annual discharge data series at three stations, whereas BRT and VNR test at four stations. The results found that discharge data series for most of the stations were categorized as useful. In all tests, the annual data series at 5 out of 8 stations were found useful. The discharge time series is found suspect for the three stations since it failed from at least one of the four tests. Accordingly, 62% of the discharges gauging stations were categorized as “useful” and the remaining 38% of the gauging stations were categorized as suspect (Figure 6). Similarly, as done in rainfall stations, the homogeneous discharge gauging stations that fall under useful categories were selected for trend analysis.
Table 6: Annual discharge results of four homogeneity tests at 95% significance level.
	

	No	Station	 value of test statistics	Remark
	Pettitt’s test	SHNT	BRT	VNR test
	

	1	Melka Kunture	0.003	0.003	0.001	0.073	Suspect
	2	Hombole	0.813	0.592	0.776	0.891	Useful
	3	Mojo	0.352	0.215	0.295	0.570	Useful
	4	Akaki	0.753	0.493	0.328	0.075	Useful
	5	Teji	0.011	0.0001	0.000	0.001	Suspect
	6	Melka Sedi	0.008	0.017	0.007	0.000	Suspect
	7	Holeta	0.350	0.034	0.257	0.290	Useful
	8	Ghinch	0.38	0.151	0.021	0.464	Useful
	


The bold numbers represent inhomogeneity in the corresponding stations and test statistics.




	
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	

Figure 6: Categories of annual discharge stations distribution (%).


The homogeneity tests revealed that the BRT was the most sensitive, and Pettitt’s test was the least sensitive to detect inhomogeneity in annual data series. In the case of the monthly data series, the Pettitt’s test was found most sensitive to detect inhomogeneity compared to other tests.
3.6. Hydro Meteorological Trend Analysis
3.6.1. Spatial-Temporal Trends in Annual and Seasonal Rainfall Data Series
Temporal trend analysis of annual and seasonal hydroclimatic time series was conducted using the Mann-Kendall (MK) and Sen’s slope (Q) tests of the selected homogeneous data. Summary of monthly, seasonal, and annual rainfall of all stations is shown in Table 7.
Table 7: Summary of monthly, seasonal, and annual rainfall (mm) of each station in the sub-basin.
	

	Months (season)	AAB	AATA	A. Alem	Akaki	Debre Zeit	Ghinch	Hombole	Sebeta	Sendafa	Teji	Tulu Bolo	Mean RF (mm)
	

	January	17.30	13.13	15.84	10.45	9.98	24.93	53.82	15.575	14.92	11.48	12.66	18.20
	February	32.20	32.26	34.02	27.36	22.32	41.16	62.33	23.39	26.68	28.65	15.74	31.50
	March	67.60	63.01	69.71	55.35	55.32	72.48	83.61	64.04	50.30	52.22	51.54	62.30
	April	88.30	85.31	63.23	82.79	58.64	91.99	56.39	82.36	84.44	74.73	67.00	75.90
	May	77.10	80.15	79.21	64.73	59.43	90.73	54.02	82.01	55.53	73.14	102.03	74.40
	June	126.70	144.85	145.92	109.38	93.96	152.29	86.65	138.375	98.49	131.45	204.95	130.30
	July	240.70	266.03	260.53	234.29	204.10	227.40	189.94	266.75	327.59	214.75	275.86	246.20
	August	244.60	293.77	234.83	244.03	214.98	247.28	185.36	286.455	307.59	218.97	264.61	249.30
	September	127.5	185.02	129.98	117.09	103.40	142.01	84.90	134.81	102.65	101.73	111.54	121.90
	October	33.10	33.23	25.77	19.46	21.32	38.34	27.74	33.29	15.24	19.96	28.98	26.90
	November	8.60	8.95	23.82	5.62	5.00	11.11	9.97	10.51	4.59	6.71	12.13	9.70
	December	5.20	9.67	13.68	5.08	3.85	10.26	18.21	12.06	2.39	5.95	11.53	8.90
	Kiremt (JJAS)	739.55	889.67	771.27	704.79	616.44	768.98	546.85	826.39	836.32	666.90	856.95	747.65 (71%)
	Bega (ONDJ)	64.21	64.97	79.12	40.60	40.15	84.64	109.73	71.44	37.14	44.10	65.30	63.76 (6%)
	Belg (FMAM)	265.28	260.73	246.16	230.24	195.71	296.36	256.35	251.80	216.95	228.74	236.30	244.06 (23%)
	Annual RF totals	1069.05	1215.36	1096.54	975.63	852.30	1149.98	912.93	1149.63	1090.41	939.74	1158.56	1055.47 (100%)
	



The mean annual rainfall totals of the UASB from 1980 to 2017 were found to be 1055.47 mm. The recorded minimum and maximum average annual rainfall totals were 852.30 and 1215.36 mm, respectively. The seasons of the study area were classified into three categories: Kiremt (JJAS), Bega (ONDJ), and Belg (FMAM) seasons. The contribution of seasonal rainfall (Kiremt, Bega, and Belg) to the total annual rainfall varied a lot over the study area. Kiremt is the main rainy season that mostly contributes to the total annual rainfall. Kiremt, Bega, and Belg seasons contribute about 71%, 6%, and 23% to the annual rainfall totals, respectively (Table 7). The area received unimodal rainfall and Kiremt is the main rainy season and characterized by maximum rainfall. The present results show that the annual and seasonal patterns of rainfall reveal considerable variation across the study area.
In this study, MK and Sen’s slope tests were applied to distinguish trends and their magnitude. Besides, trend (Z-values) and magnitude (Q-value) have been computed. The summary of annual and seasonal rainfall trends analyzed using the MK test and Sen’s slope estimator at the 90, 95, and 99% confidence levels is shown in Table 8. The results showed that the annual mean rainfall had a statistically significant decreasing trend (Z = −2.196 and Q = −19.81) in Bega season (Z = −1.666 and Q = −4.38) at the Addis Alem station. Similarly, a significant decreasing trend was found in annual rainfall (Z = −2.747 and Q = −12.38) in Belg season (Z = −2.515 and Q = −6.03) at the Ghinch station. A statistically significant increasing trend was found in Bega season (Z = 2.379 and Q = 2.31) at the Addis Ababa Bole station. In annual rainfall, a significant decreasing trends were observed at Akaki (Z = −1.855 and Q = −5.60), and also significant decreasing trends were found in Belg season at Sebeta (Z = −1.818 and Q = −3.15) and Sendefa (Z = −1.835 and Q = −3.81) stations. The MK results found a significant annual and seasonal rainfall trend which was observed at eight stations and most of the stations showed a negative trend, while in the remaining stations, no trend was detected.
Table 8: Summary of Z statistics and Sen’s slope (Q) (mm/year) of the MK test for annual and seasonal rainfall of UASB.
	

	Station	Annual	Kiremt (JJAS)	Bega (ONDJ)	Belg (FMAM)
	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)
	

	AA Bole	−0.271	−0.82	0.50	1.48	2.379	2.31	−1.325	−3.16
	AA T. Ambessa	−0.470	−2.32	1.189	3.2	0.679	0.58	−2.124	−5.16
	Addis Alem	−2.196	−19.81	−1.893	−9.45	−1.666	−4.38	−1.060	−6.7
	Akaki	1.855	−5.60	−0.249	−0.71	0.285	0.24	−1.213	−2.479
	Debre Zeit	0.480	0.82	0.961	1.66	1.100	0.586	−0.867	−1.459
	Ghinch	−2.747	−12.38	−1.248	−5.25	−0.178	−0.275	−2.515	−6.033
	Hombole	−1.793	−9.49	−1.126	−4.21	0.638	0.703	−1.512	−3.82
	Sebeta	−1.200	−4.06	−1.784	−19.01	−0.875	−1.659	−0.779	−4.819
	Sendafa	−0.526	−1.16	0.001	0.002	0.902	0.614	−1.818	−3.15
	Teji	−0.560	−1.48	0.951	2.12	−0.527	−0.18	−1.835	−3.81
	Tulu Bolo	−1.239	−5.97	−0.476	−2.71	0.054	0.007	−0.585	−1.057
	


Trend at α′ = 0.01 level. Trend at α′ = 0.05 level. Trend at α′ = 0.1 level.


The spatial trends mapped in annual and seasonal rainfall at 5% significance level are shown in Figures 7(a)–7(h). The result reveals that in annual rainfall, significant negative trends were found in the northeast of the basin (Figure 7(a)). The annual rainfall was decreasing only at some locations in the sub-basins at a rate of −5.6 to −19.8 mm/year. In the Kiremt season, significant negative trends were detected in the northern part of the basin (Addis Alem and Sebeta stations) at 10% significance level (Figure 7(c)). In the Bega season, a significant positive trend was found in the Addis Ababa Bole station at 5% significance level while a negative trend was found in Addis Alem at 10% significance level (Figure 7(e)). In the Belg season, significant negative trends were found in the Addis Ababa Tikur Ambessa and Ghinch at 5% level of significance (Figure 7(g)).
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Figure 7: The spatial interpolated map of MK annual rainfall (a), Sen’s annual rainfall (where 1 = AA Bole, 2 = AAT Ambessa, 3 = Addis Alem, 4 = Akaki, 5 = Debre Zeit, 6 = Ghinch, 7 = Hombole, 8 = Sebeta, 9 = Sendafa, 10 = Teji, and 11 = Tulu Bola) (b), MK Kiremt (c), Sen’s Kiremt (d), MK Bega (e), Sen’s Bega (f), MK Belg (g), and Sen’s Belg (h) in the Upper Awash Basin. Note: map of rainfall Sen’s slope Q units are in mm/year.


The spatial interpolated maps of annual and seasonal rainfall are shown in Figures 8(a)–8(d). The result reveals that in annual rainfall, higher values of rainfall are distributed in the northwestern part of the basin and lower values are distributed in the southeastern areas of the basin as shown in Figure 8(a). Mainly, Addis Ababa Bole, Addis Alem, Addis Ababa Tikur Ambessa, Ghinch, Sendefa, and Sebeta stations showed higher values of rainfall. The Kiremt season in the Upper Awash Basin showed wet condition in all stations. In dry seasons, commonly in Bega and Belg season, the area received moderately low rainfall range from 37 to 268 mm. In the Bega season, higher values of rainfall are distributed in the northwestern (Addis Alem and Ghinch) and southern parts (Hombole) of the basin, whereas uniform distributions of rainfall were obtained in the eastern, western, and central parts of the basin. Lower rainfall values were perceived during “Bega” dry season in the ONDJ months; almost all parts of the basin received less than 110 mm as shown in Figure 8(c). Similarly, during the Belg season in the FMAM months, the spatial pattern revealed moderate rainfall distribution, which received up to 268 mm in the northwestern part and received more than 222 mm in the eastern part of the basin.
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Figure 8: The spatial interpolated map of annual mean rainfall (a), Kiremt (b), Bega (c), and Belg (d) in the Upper Awash Basin. Note: 1 = AA Bole. 2 = AAT Ambessa. 3 = Addis Alem. 4 = Akaki. 5 = Debre Zeit. 6 = Ghinch. 7 = Hombole. 8 = Sebeta. 9 = Sendafa. 10 = Teji. 11 = Tulu Bola.


3.6.2. Spatial-Temporal Trends in Annual and Seasonal Temperature Data Series
The annual and seasonal trends of mean temperatures were analyzed for the study area; using historical observed data from eight meteorological stations. The summary of annual and seasonal trend analysis of temperature at each station using the MK and Sen’s slope tests is presented in Table 9. The MK test of annual mean temperature shows at almost all stations positive upward trend, except at one station. It shows that the upward temperature trends are more dominant. The annual temperature MK trend shows that statistically significant increasing trend was observed at Addis Ababa Bole (Z = 5.116 and Q = 0.05), Addis Ababa Tikur Ambessa (Z = 3.604 and Q = 0.03), Tulu Bolo (Z = 2.063 and Q = 0.07), and Addis Alem (Z = 2.010 and Q = 0.06), whereas decreasing trend was observed only at Akaki (Z = −1.819 and Q = −0.06) in Kiremt season. The analyzed mean annual temperature of the eight stations shows statistically significant positive trends which were found in four series, whereas no trend was found in remaining stations. In accordance with the MK and Sen’s slope tests, upward trends were found in seven-time series, and downward trends were found in one temperature time series.
Table 9: Summary of Z statistics and Sen’s slope (Q) (°C/year) of MK test for annual and seasonal temperature of UASB.
	

	Station	Annual	Kiremt (JJAS)	Bega (ONDJ)	Belg (FMAM)
	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)
	

	AA Bole	5.116	0.05	2.141	0.02	2.124	0.02	5.608	0.07
	AA T. Ambessa	3.604	0.03	2.787	0.03	2.798	0.04	3.059	0.03
	Addis Alem	2.010	0.06	1.363	0.04	1.590	0.09	1.666	0.11
	Akaki	−0.629	−0.06	−1.819	−0.06	−0.735	−0.09	−0.909	−0.05
	Debre Zeit	1.343	0.02	1.241	0.02	0.204	0.002	2.176	0.03
	Holeta	0.852	0.01	−0.201	−0.003	1.905	0.02	0.263	0.003
	Mojo	0.518	0.01	0.978	0.02	1.586	0.02	−0.385	−0.005
	Tulu Bolo	2.063	0.07	1.819	0.06	1.106	0.03	4.240	0.09
	


Trend at α′ = 0.01 level. Trend at α′ = 0.05 level. Trend at α′ = 0.1 level.


Spatial patterns in the changes of annual and seasonal mean temperature over the UASB at 5% level of confidence estimated by the MK test and Sen’s slope are demonstrated in Figures 9(a)–9(g), only positive significant trends were observed in temperature stations over the UASB. As expected, most of the stations experienced increasing trend in annual and seasonal temperatures. However, no trend was observed at one station in both annual and seasonal temperature.
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Figure 9: The spatial interpolated map of MK annual mean temperature (a), Sen’s annual mean temperature (b), MK Kiremt (c), Sen’s Kiremt (d), MK Bega (e), Sen’s Bega (f), MK Belg (g), and Sen’s Belg (h) in the Upper Awash Basin. Note: map of temperature Sen’s slope Q units are in °C/year.


The spatial distribution of annual mean temperature trends exhibited that higher value in the highland areas of the basin mainly in the northern and western regions while the lower values were found in the central and southern portions of the basin. The annual mean temperatures were increasing in the Addis Ababa Bole, Addis Ababa Tikur Ambessa, Addis Alem, and Tulu Bolo at a rate of 0.03–0.07°C/year as shown in Figure 9(a). The MK trend test revealed seasonal and annual mean temperature at Addis Ababa Bole and Addis Ababa Tikur Ambessa stations which demonstrated statistically increasing trends at 0.01 significance level. However, the Kiremt temperature has experienced a significant decreasing trend at the Akaki station and no trends were obtained at Mojo and Holeta stations. The spatial distribution of Belg mean temperature in the UASB area increased from the east to the west, showing a clear difference in temperature between the two areas. The study reveals upward trends for three temperature stations in the northern part and one in the western part of the basin. However, there is no significant trend in some of seasonal and annual temperature time series (4 out of the 8 stations).
3.6.3. Spatial-Temporal Trends in Annual and Seasonal Discharge Data Series
The annual and seasonal discharge trend analysis summaries of five gauging stations are presented in Table 10. The MK results reveal that no trend was found in annual discharge of selected homogeneous gauging stations. Similarly, no trend was found in both Kiremt and Belg seasons. In the Bega season, only two stations revealed significance trend at 0.01. Thus, MK trend and Sen’s tests showed that statistically significant increasing trends were observed at Hombole (Z = 3.527 and Q = 0.17) and Hombole (Z = 3.127 and Q = 0.03) stations in Bega season.
Table 10: The Sen’s slope (Q) (mm/year) and Z statistics of the MK test for seasonal and annual discharge of UASB.
	

	Station	Annual	Kiremt (JJAS)	Bega (ONDJ)	Belg (FMAM)
	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)	Mk (zs)	Sen’s (Q)
	

	Hombole	0.258	0.05	−0.122	−0.14	3.527	0.17	0.612	0.03
	Holeta	0.407	0.02	−0.038	−0.01	0.451	0.01	0.951	0.01
	Ghinch	−1.326	−0.04	−0.370	−0.04	−0.999	−0.01	−0.549	−0.01
	Akaki	0.315	0.14	1.143	0.35	0.225	0.03	0.315	0.03
	Mojo	1.488	−0.15	−1.305	−0.48	3.127	0.03	0.497	0.01
	


Trend at α′ = 0.01 level.


The spatial trends in the annual and seasonal trends of discharge data series in UASB are shown in Figures 10(a)–10(g) which reveals that no trend was found in annual, Kiremt, and Belg seasons in the sub-basin. The discharge value increases significantly in the drier ONDJ months in the Bega season at Hombole and Mojo stations at a rate of 0.03 to 0.17 mm/year. Positive significant trends were found in the southeastern parts of the UASB.
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Figure 10: The spatial interpolated map of MK annual mean discharge (a), Sen’s annual mean discharge (b), MK Kiremt (c), Sen’s Kiremt (d), MK Bega (e), Sen’s Bega (f), MK Belg (g), and Sen’s Belg (h) in the Upper Awash Basin. Note: map of discharge Sen’s slope Q units are in mm/year.


4. Discussion
Assessing the spatiotemporal variability of climate datasets is the first step to solve hydrological and water management problems. Below, we present a comprehensive discussion of hydroclimatic homogeneity tests and trends in hydroclimatic variables. Accordingly, the result of monthly and annual (rainfall and discharge) homogeneity tests and trend analysis for rainfall, temperature, and discharge data series are discussed in the following subsequent sections.
4.1. Hydroclimatic Homogeneity Tests
The importance of homogeneity test has been reported several times in many hydrological and climate studies [36, 38–40, 44]. In this study, the application of absolute homogeneity tests were applied to the data series of each station and results of each test were assessed at 95% significance level and the inhomogeneities data series were identified for the trend analysis. The homogeneity tests showed that 11 (58%) of the rainfall stations in UASB were detected as homogeneous series and the remaining 7 (37%) stations are considered as inhomogeneous. Such study has been documented in previous works in different areas of the country. For example, in Ethiopia, homogeneity tests on selected rainfall data series were documented [69]. They mainly found that about 74% of the stations were found useful.
As far as discharge is concerned, 5 (63%) of the discharge gauging stations were identified as homogeneity, whereas the remaining 3 (37%) detected as inhomogeneous. In rainfall and discharge homogeneity tests, the Buishand’s test found inhomogeneous compared to the remaining all tests.
In this study, sufficiently homogeneous rainfall and discharge stations that fall under useful category or homogeneous data series were selected for trend analyses and can be used for further hydrological and climate-based study.
4.2. Trends in Hydroclimatic Variables
In this study, spatial-temporal characteristics of annual and seasonal rainfall, temperature, and discharge in UASB were investigated from 1980 to 2017. The above analysis showed that there were significant decreasing and increasing trends in annual and seasonal time series data. Thus, the presence of trends in hydroclimatic variables may probably be due to a change in the climate. In the past few years, several studies have been conducted globally on spatial and temporal trend analyses of hydroclimatic data using nonparametric and parametric methods [16, 23, 25, 43, 60, 70–78]. They mainly found that spatial-temporal trends analyses are very important for impact assessment, water resource planning and management, and adaptation of planning for extreme events (floods and droughts) in the face of climate change.
In the Awash River Basin, trends in rainfall and temperature series are documented [23, 43, 48]. Generally, the findings of related studies match with the results obtained in this study using the MK test and Sen’s slope. However, in their investigation, they did not carry out homogeneity and detailed seasonal based trends analyses and that will need another detailed research. In this study, homogeneity and trend analyses at 8 discharge gauging stations, 18 rainfall stations, and 8 temperature stations over UASB were studied which would be useful for knowing details of the change in climatic conditions over a sub-basin. The results obtained show that the seasonal rainfall values were varied from season to season; for instance, the Kiremt rainfall varied from 546.85 to 889.67 mm, Bega varied from 37.14 to 64.21 mm, and Belg varied from 195.71 to 265.28 mm in the study area.
The results revealed that significant trends as well as no trend in annual and seasonal rainfall, discharge, and temperature data series were found during periods of 1980 to 2017 in the UASB. In this study, seasonal and annual time series trends were analyzed for the total of 44 rainfall series, 32 temperature series, and 20 discharge data series using MK and Sen’s slope methods at 90, 95, and 99% confidence levels. The results of the MK and Sen’s slope tests showed that there were significantly negative and positive trends in the 12 time series of annual and seasonal rainfall; while significant positive trends were in the 2 time series of Bega discharge. Significant positive trends were detected in the 14 time series of annual and seasonal average temperatures. Statistically, significant decreasing annual rainfall trends were detected in the Akaki, Addis Alem, Hombole, and Ghinch stations. A significant decreasing annual and seasonal rainfall trend has been detected in some of stations, except increase at the Addis Ababa Bole station in Bega season. The seasonal and annual rainfall trends identified by MK and Sen’s slope tests revealed that in Bega season, a significant negative trend was found at 10% level of significance in Addis Alem and Sendafa stations. In the Bega season, a significant positive trend was found in the Addis Ababa Bole station at 5% significance level while a negative trend was found in the Addis Alem station at 10% significance level. In the Belg season, a significant negative trend was found in Addis Ababa Tikur Ambessa, Ghinch, Sendafa, and Teji stations. In agreement with the current finding, the result obtained supports the findings of [23] regarding the hydroclimatic trend and characterization. MK and Sen’s slope tests revealed that more negative Zs values were detected in annual and seasonal rainfall. Thus, the negative downward rainfall trends are more dominant in the study area. Our research findings are consistent with several previous studies concerning the trend of rainfall and temperature variables [23, 43].
As far as temperature is concerned, the results of annual temperature trends identified by MK and Sen’s slope tests showed that a significant positive trend was found at 0.05 levels of significance in Addis Ababa Bole, Addis Ababa Tikur Ambessa, Addis Alem, and Tulu Bolo stations. In the Kiremt, Bega, and Belg seasons, significant positive temperature trends were found at 0.1, 0.05, and 0.01 levels of significance in Addis Ababa Bole, Addis Ababa Tikur Ambessa, Debre Zeit, Holeta, and Tulu Bolo stations, while a significant negative trend was found at the Akaki station in Kiremt season. The trend in the annual temperature showed a statistically significant increase in most time series across the basin. The results of the study showed that there is a general increasing trend in temperature and a decreasing rainfall trend pattern observed across the stations and this is agreed with [23, 43, 48] results. The statistical analysis of annual and seasonal hydroclimatic variables depicted a decreasing trend in the sub-basin. The observed trends analysis has an implication on agriculture production, particularly vulnerable areas, which are unable to mitigate the impacts of climate change [24]. According to the results of [23], the significant decreasing trends in annual rainfall and discharge were observed in the Awash River Basin.
The Mann-Kendall (MK) trend test based on the annual and seasonal discharge series revealed that most of the meteorological stations have statistically no trend at a 5% significance level. The results of seasonal and annual discharge trends identified by MK and Sen’s slope tests revealed that in the Bega season, a significant positive trend was found at 1% levels of significance in Mojo and Hombole gauging stations. The results showed that the seasonal discharge of UASB had a significant tendency to increase at two gauging stations only. Besides, the annual and seasonal detected negative upwards of discharge percentages were about 40%, 80%, 20%, and 20% of the stations in annual, Kiremt, Bega, and Belg seasons, respectively. This shows the positive upward discharge trends were more dominant in the study area. Similarly, the study reported by [23, 43] found that rainfall and discharge in the Awash River Basin showed an increasing trend. In Holeta, Ghinch, and Akaki stations, no significant trends were seen for the annual and seasonal streamflows. Moreover, Mann-Kendall and Sen’s tests did not consider the assumption of autocorrelation, test number, and nonnormality in the time series analyses, which affects the significance of trends. Thus, to reduce such uncertainties, data series autocorrelation analyses [79, 80] and evaluates the long-term persistence [81, 82] of data analyses are very crucial and recommendable for the significance of trend analyses.
5. Conclusions
Data availability and accuracy are the most important factors in climate and hydrological researches. One way of assessing reliability of a climate data series is to compare it with surrounding gauged stations, which remains to be the driving force behind all tests of relative homogeneity. Here, we presented the application of different statistical tests to analyse homogeneity and trends in rainfall, temperature, and discharge in the Upper Awash sub-basin (UASB) in Ethiopia for a period of nearly four decades, 1980 through 2017. The homogeneity of the annual and monthly rainfall and discharge data series of UASB was studied using four statistical tests; Pettitt’s test [34], SNHT [52], BRT [32], and VNR [35]. The rainfall and discharge data series were analyzed at a 0.05 significance level for each homogeneity test separately. Annual and seasonal trend analysis for discharge, rainfall, and temperature was done at each station. To meet the outlined objective of this study, the homogeneity tests, the Mann-Kendall test, and Sen’s slope test estimator were employed.
In order to provide seasonal comparison of changes in hydroclimatic variables, the analyses were performed for three seasons, Kiremt, Bega, and Belg. The homogeneity tests revealed that most of the monthly and annual (rainfall and discharge) stations were classified as useful (homogeneous). The results also indicated that both monthly and annual hydroclimatic homogeneity tests are almost similar. Since the annual rainfall and discharge time series are comparatively more homogeneous related to the monthly time series, the data can be used for trend analyses and hydroclimatic studies in the UASB. The results of MK and Sen’s slope tests showed a statistically significant decreasing annual rainfall trends for some of the stations, while a significantly increasing trend in annual rainfall was observed only at one station. The majority of rainfall stations exhibited a decreasing trend in the mean annual rainfall for Kiremt and Belg seasons. On the other hand, one observed station showed an increasing trend for the Bega season. Most of the stations exhibited no trend in annual and seasonal time series of rainfall, temperature, and discharge. The temporal variations of seasonal and annual discharge data series are not statistically significant for most of gauging stations. The results showed that most of the UASB have not experienced any trend in annual and seasonal discharge (except significant increasing trends which were found at Hombole and Mojo stations in the Bega season). The study found that the downward trend is dominant in precipitation, while upward trends were dominant in temperature and discharge.
In general, the trends exhibited higher variability of rainfall on the annual and Belg season compared to the Kiremt and Bega seasons. The remarkable characteristics of the UASB are that the northwestern areas in the upper parts receive a larger amount of mean annual rainfall while the lower magnitude of annual rainfall was observed compared to the southeastern parts of the basin. Mainly at the higher elevation areas, the spatial pattern of annual and seasonal rainfall demonstrated downward trends.
Based on the previous results and discussion, it can be concluded that decreasing and increasing levels of rainfall, discharge, and temperature across all stations showed the change in hydroclimatic variables. This would suggest any climate and hydrological studies to test the homogeneity and trends of a given dataset before applying for any future impact assessment. Overall, this finding provides useful information for hydroclimatologists and managers for better decision making regarding future agricultural and water resources management in the face of climate change.
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