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Abstract

:

The Awash river basin has been the most extensively developed and used river basin in Ethiopia since modern agriculture was introduced. This paper investigated the annual precipitation, temperature, and river discharge variability using the innovative trend analysis method (ITAM), Mann–Kendall (MK) test, and Sen’s slope estimator test. The results showed that the trend of annual precipitation was significantly increasing in Fitche (Z = 0.82) and Gewane (Z = 0.80), whereas the trend in Bui (Z = 69) was slightly decreasing and the trend in Sekoru (Z = 0.45) was sharply decreasing. As far as temperature trends were concerned, a statistically significant increasing trend was observed in Fitche (Z = 3.77), Bui (Z = 4.84), and Gewane (Z = 5.59). However, the trend in Sekoru (Z = 1.37) was decreasing with statistical significance. The discharge in the study basin showed a decreasing trend during the study period. Generally, the increasing and decreasing levels of precipitation, temperature, and discharge across the stations in this study indicate the change in trends. The results of this study could help researchers, policymakers, and water resources managers to understand the variability of precipitation, temperature, and river discharge over the study basin.
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1. Introduction


Water resources development is essential to bring about sustainable development and overall economic growth [1]. The integrated water resources management in a river basin described in this case study is essential for the economic welfare of the society and healthy environmental function.



Nowadays, the global hydrological cycle has been responding to the observed effects of global warming, which include an increasing atmospheric water vapor content and changing precipitation patterns [2,3]. The change in precipitation alters the hydrological systems, affecting water resources in both quantity and quality [4]. To some extent, global climate change has also changed the availability of water resources in developing countries [5]. The change in precipitation may greatly affect the hydrological systems of river basins. The discharge of many rivers in the world has been changing due to climate change and intensive human activities [6].



Analysis of potential changes in runoff regimes shows that, by the year 2050, most regions in the world will experience significant changes in their hydrological regime [7]. These will be changes brought by climate change, which interacts with existing anthropogenic factors and thus causes additional stress to riverine ecosystems [8].



The Awash river basin is one of the 12 river basins in Ethiopia. Frequent and persistent droughts and the associated food insecurity of the basin have drastically affected the human and livestock population [3,8,9].



Impacts of climate change are increasingly becoming a challenge for global society in tackling food security and water problems [8,10,11]. Assessing and understanding climatic historical changes is essential for the optimal allocation of water resources.



Changes in annual and seasonal precipitation and hydrological regimes affect water resources for agriculture production and overall economic growth in arid and semi-arid parts of the country. The availability of water resources, as well as their management and use within the basin, is impacted by the spatiotemporal variability of rainfall. Trend analyses of precipitation, temperature, and discharge are essential to study the impacts of climate change for water resources planning and management [12]. Additionally, these climatic variations will have unexpected consequences with respect to frequency and intensity. Furthermore, analysis of the temporal variability of precipitation and discharge is important in investigating drought and flood risks and the management of water resources [13]. Analysis of the trends of climatic variables and river discharge, particularly in river basins, has thus become a vital research area for many researchers [14].



For example, Chen et al. [2]. investigated river discharge trends from climate variables in the Athabasca river basin and found an apparent decline in long-term discharge variation. Yang et al. [15], using the Mann–Kendall (MK) test, found that annual and seasonal precipitation levels increased significantly in northwest China from 1960 to 2013. Asfaw et al. [7] investigated the variability and time series trends of rainfall and temperature in the Woleka sub-basin, northcentral Ethiopia, and found decreased annual rainfall as well as decreased levels of Belg and Kiremt rainfall. Furthermore, the authors of References [16,17,18,19,20] studied the trends of the spatial and temporal variability of climatic variables across different stations.



Our study region is heavily dependent on rain-fed agriculture, which is driven by intra-seasonal and inter-annual variability in climate, resulting in the occurrence of frequent droughts and floods that negatively affect agricultural production [21].



The precipitation and discharge of the Awash river basin has changed to varying degrees in recent years [22]. Highly variable rainfall, frequent floods and droughts, and limited storage capacity continue to constrain the ability of the basin to produce reliable food supplies in spite of being relatively rich in water and land resources [22].



No study has yet been conducted on the trends of climatic variables and discharge in the Awash river basin. Therefore, assessing the trends of climate and discharges in the Awash river basin is very essential for the management of water resources for future economic development. The Mann–Kendall (MK) test, innovative trend analysis method (ITAM), and Sen’s slope estimator test methods were used to study the temporal trends of climate variables and river discharge with the aim of investigating the potential evidences of climate change which could affect the availability and sustainability of water resources in the basin.



This paper aims to investigate the trends and changes of climatic and hydrological variables of the Awash river basin from 1980 to 2016. The objectives of the study are (1) to analyze climatic trends, (2) to investigate the temporal variations in precipitation, temperature, and discharge, and (3) to assess the correlation between climatic variables and river discharge.




2. Materials and Methods


2.1. Description of Study Area


The Awash river basin is one of the 12 river basins of Ethiopia. It is situated between latitudes of 7°53′ N and 12° N and longitudes of 37°57′ E and 43°25′ E [23]. The basin constitutes the central and northern part of the Rift Valley and is bounded to the west, southeast, and south by the Blue Nile, the Rift Valley lakes, and the Wabeshebele basins, respectively. It covers a total area of 110,000 km2, with a length of 1200 km [22]. This basin has been the most highly utilized basin in Ethiopia since modern agriculture was introduced, as early as the 1950s [3].



The mean annual rainfall of the basin varies from 1600 mm northeast of Addis Ababa to 160 mm in the northern part of the basin (Figure 1). The distribution of rainfall is bimodal in the middle and lower parts of the basin and unimodal in the upper part [23].




2.2. Data Sources


Daily precipitation, temperature and discharge data from 1980 to 2016 were collected from the National Meteorological Services Agency of Ethiopia (NMSA). The elevation, latitude, longitude, mean annual maximum temperature, and precipitation of the selected meteorological stations are described in Table 1. Basic information of the discharge gauging stations are listed in Table 2.




2.3. Methods


Long-term trends in the observed and adjusted time series data were detected using the MK test, with linear changes in the data represented by Kendall–Theil Robust Lines. This non-parametric MK test is best suited for evaluating changes in hydrologic regimes [24]. Trend analysis was used to investigate whether the trend was upward, downward, or there was no trend in the data value points. This paper also used ITAM to detect the trends in precipitation, temperature, and discharge time series data. To evaluate the reliability of ITAM, the results were compared with the MK and Sen’s slope estimator tests. The study region has four distinct seasons: Kiremt (June–August), Meher (September–November), Bega (December–February), and Belg (March–May). Significance levels at 10%, 5%, and 1% were taken to assess the precipitation, temperature, and discharge times series data by MK, ITAM, and Sen’s slope estimator methods.



2.3.1. Mann–Kendall Trend Detection


The Mann–Kendall (MK) test is a non-parametric test used to detect the trends of hydrometeorological time series data, which do not require the data points to be normally distributed [12,25,26,27]. The MK test is easy to use for trend detections in hydrometeorological observations. Thus, it was used to detect trends in the time series data for annual river discharge, annual precipitation, and annual temperature in the present study. The MK S statistic is given as:


    S       =   ∑   i = 1   n − 1     ∑   j = i + 1  n  s g n  (     X j  −  X i   )     



(1)







The trend test is applied to    X i    data values (i = 1, 2, …, n − 1) and    X j    (j = i + 1, 2, …, n). The data values    X i    are used as a reference points to compare with the data values of    X j   , which are given as:


    s g n  (   X j  −  X i   )  =  {          + 1             if      (   X j  −  X i   )  > 0       0                     if      (   X j  −  X i   )  = 0       − 1               if      (   X j  −  X i   )  < 0              



(2)




where    X i    and    X j    are the values in periods i and j. When the number of data series is greater than or equal to 10 (n ≥ 10), the MK test is then characterized by normal distribution with the mean E(S) = 0 and the variance Var(S) is equated as [28]:


    V a r  ( S )  =   n ×  (  n − 1  )  ×  (  2 n + 5  )  −   ∑   k = 1  m   t k  ×  (   t k  − 1  )  ×  (  2  t k  + 5  )    18      



(3)




where m is the number of the tied groups in the time series, and      t k    is the number of data points in the kth tied group.



The test statistic Z is as follows:


    Z =  {       S − 1  δ    if     S > 0     0   if     S = 0         S + 1  δ    if     S < 0         



(4)




when Z is greater than zero, it indicates an increasing trend. When Z is less than zero, it represents a decreasing trend.



In a time sequence, the statistics are defined independently:


    U  F k  =    d k    −   E  (   d k   )      var  (   d k   )         (  K = 1 , 2 , … , n  )     



(5)







Firstly, given the confidence level α, if   U  F k    > UFα/2, it indicates that the sequence has a significant trend. Then, the time sequence is arranged in reverse order. According to the equation calculation, while making:


    U  B k  = − U  F k     



(6)






    K = n + 1 − k    



(7)







Finally,   U  B k    and   U  F k    are drawn as UB and UF curves. If there is an intersection between the two curves, the intersection is the beginning of the mutation [29].




2.3.2. Sen’s Slope Estimator Test


The magnitude of the trend is predicted by the slope estimator methods reported in References [12,30,31,32]. The slope (   Q  i      ) between two data points is given by the equation:


   Q i  =    X j  −  X k    j − k   , f o r   i = 1 , 2 , … N  



(8)




where    X j    and    X k    are data points at times j and k (j > k), respectively. When there is only a single datum in each time, then   N =   n  (  n − 1  )   2  ,   where   n   is   the   number   of   time   periods .   However, if there are many data points, then   N <   n  (  n − 1  )   2   , where n is the total number of observations. The N values of the slope estimator are arranged from smallest to biggest. Then, the median of slope (β) is computed as:


  β = {    Q × [ ( N + 1 ) / 2 ]   when   N   is   odd     Q × [ ( N / 2 ) + Q × [ ( N + 2 ) / ( 2 ) / ( 2 ) ]   when   N   is   even     



(9)







The sign of  β  shows whether the trend is increasing or decreasing. A positive value of β indicates an upward trend, while a negative value of β indicates a downward trend.




2.3.3. Innovative Trend Analysis Method (ITAM)


The innovative trend analysis method (ITAM) has been used in many studies to detect hydrometeorological observations and its accuracy was compared with the results of the MK method [12,19,33,34,35,36]. In ITAM, the hydrometeorological observations were classified into two classes and then the data points were arranged independently in increasing order. Then, the two classified classes were placed on a coordinate system, with (   X i   : i = 1, 2, 3, …, n/2) on the X-axis and (   X j   : j = n/2 + 1, n/2 + 2, …, n) on the Y-axis. If the time series data on a scattered plot are collected on the 1:1 (45°) straight line, it indicates no trend. However, the trend is increasing when the data points accumulate above the 1:1 straight line and the trend is decreasing when data points accumulate below the 1:1 straight line.



The difference of the mean value between    X i    and    X j    could give the trend magnitude of the data series. The first observed data point was not considered in this study when classifying the time series data into    X i    and    X j    data plots since the total number of observed data points was 37 from 1980 to 2016. The direction of the trend is also affected by the    X i    data series. The trend indicator of ITAM is multiplied by 10 to make the scale similar to those of the other two tests. The trend indicator is given as:


    ϕ =  1 n    ∑   i = 1  n    10    (   X j  −  X i   )   μ     



(10)




where  ϕ  = trend indicator, n = number of observations in the subseries,    X i    = data series in the first half subseries class,    X j    = data series in the second half subseries class, and  μ  = mean of data series in the first half subseries class.



A positive value of  ϕ  indicates an increasing trend, while a negative value of  ϕ  indicates a decreasing trend. However, when the scatter points cluster around the 1:1 straight line, it implies the non-existence of a significant trend.






3. Results


3.1. Analysis of Precipitation


The annual average precipitation of the study basin during the study period was 921.69 mm, with a coefficient of variation (CV) of 18% and a standard deviation of 165.96 mm. The minimum and maximum recorded rainfalls were 509.93 and 1229.75 mm per year, respectively. A dramatic increase in precipitation was observed in 1982 with a coefficient of determination for the trend line (R2) of 0.21, and a sharp decrease was seen in 2004 (Figure 2).



Seasonally, the precipitation was found to be in Kiremt (Z = 1.18), Meher (Z = −0.31), Bega (Z = −1.28), and Belg (Z = −0.03) as shown in Table 3. The Kiremt season show an increasing trend whereas the Bega, Meher, and Belg seasons show decreasing trends in the Awash Basin.



The MK UB and UF curves of annual precipitation (changing parameters) showed a statistically significant increasing trend in Fitche (Z = 0.82) and Gewane (Z = 0.80) stations from 1989 to 2016 and from 1993 to 2006, respectively; a slightly decreasing trend in Bui (Z = 0.69); and finally a sharp decreasing trend in Sekoru (Z = 0.45) (Figure 2). The trend analysis of precipitation in all stations using the Mann–Kendall (MK) test, ITAM, and Sen’s slope estimator test results is presented in Table 4.



The trends of precipitation at each point are consistent with the precipitation trends of the entire study basin on different seasons though the MK (Z) values are not the same.




3.2. Analysis of Temperature


The mean annual temperature of the basin was found to be 27.18 °C with minimum and maximum values of 25.87 and 28.98 °C, respectively.



The Mann–Kendall (MK) changing parameters (UB and UF) curve line shows a statistically significant increasing trend in Fitche from 2015 to 2016 (Z = 3.77), a statistically significant, sharp increasing trend from 1996 to 2010 in Bui (Z = 4.84), a significant increasing trend from 2004 to 2016 in Gewane (Z = 5.59), and a statistically sharp significant decreasing trend from 1986 to 1995 in Sekoru (Z = 1.37) (Figure 3).



The trend analysis of temperature in all stations using the MK test, ITAM, and Sen’s slope estimator test result is presented in Table 5. The result of ITAM shows an increasing trend in all stations. Hence, the increase and decrease of the test statistic  ϕ  predict that the magnitude will be strong.




3.3. Analysis of Observed River Discharge


The annual discharge of the Awash river basin shows a sharp decreasing trend from 1981 to 1986 and from 2000 to 2005 with a Z-value of −0.12, indicating a decreasing trend during the period of 1980 to 2016 (Figure 4e). The MK changing parameters (UB and UF) curve line shows a statistically significant increasing trend in Berga gauging stations from 2010 to 2012 (Z = 4.00) and a statistically significant decreasing trend in Lake Bishoftu from 1985 to 1995 (Z = 1.47). However, the trends in Awash Hombole and Holeta gauging stations show decreasing and increasing trends, albeit not statistically significant, with Z-values of −0.18 and 1.66, respectively. The trends of the Awash river discharge generally exhibited a downward trend from 1980 to 2016. The trend results of all three methods are presented in Table 6.




3.4. Correlation Analysis between Climatic and River Discharge


The linkage between climate variables and the changes in river discharge is a subject of ongoing debate. However, the correlation between the climate variables and discharge help us to estimate their relations. High correlations were expected, as one can reasonably assume a cause and effect relationship between precipitation and discharges when considering the average annual values. The correlation between precipitation and discharge (R2 = 0.22) was found to be very weak in this study. In addition, the correlation between temperature and discharge was also very weak (R2 = 0.01). Temperature plays a minor role in the increase and decrease of discharge. The annual discharge of the Awash river basin sharply decreased in 1987, 1997, and 2012. The decline in river discharge is likely related to the reduction of a long-term precipitation cycle [2,37,38,39]. The cause for this change needs further investigation. The correlation between climate variables and discharges is shown in Figure 5.





4. Discussion


The mean annual precipitation and temperature of the Awash river basin showed a consistent increasing trend. Warmer and wetter scenarios of the Awash river basin are expected to increase the river discharge substantially and could serve to alleviate current local water shortages. By analyzing the Awash river discharge and climate variables, we noticed that between precipitation and temperature, precipitation had a more robust correlation with flow rates, consistent with our observations.



The Awash river basin is characterized by maximum precipitation in Kiremt (June to August) season. There was inter-annual variability of precipitation, temperature, and discharge observed over the stations. The Mann–Kendall test, ITAM, and Sen’s slope estimator test analyses showed that decreasing and increasing trends of precipitation, temperature, and discharge were observed across the stations. As far as spatial distributions of annual precipitation were concerned, a decreasing trend was observed in the northern part of the basin.



This study found that there were fluctuations of precipitation and river discharge during the study period with coefficients of variation of 8.49% and 34%, respectively. The highest discharge was in line with the trends of precipitation, indicating that precipitation plays a great role in the change in direction of the discharge in the study basin. The reduction in precipitation also impacted the volume of the river discharge of the river basin. The analysis of the correlations between precipitation and discharge show a coherent pattern of relationship.



The results of this study are also supported by the findings of References [2,6,12,40,41,42]. The relation between precipitation and discharge is shown in Figure 6.



On the other hand, the mean annual temperature of the basin was found to be 27.18 °C, with minimum and maximum values 25.87 and 28.98 °C, respectively. As far as the linkage between temperature and discharge was concerned, this study indicates that temperature only plays a minor role in affecting river discharge (Figure 7).




5. Conclusions


This study investigated the trends of precipitation, temperature, and discharge in the Awash river basin during the period of 1980 to 2016. The temporal and seasonal variability of precipitation was also investigated in all stations. Sharply increasing, significant trends were observed in Fitche and Gewane stations, whereas slightly decreasing trends were detected in Bui and Sekoru stations. The trends of precipitation at each point are consistent with the precipitation trends of the entire study basin according to different seasons. The Kiremt season showed an increasing trend whereas the Bega, Belg, and Meher seasons showed a decreasing trend in the study basin.



As far as temperature trends were concerned, statistically significant increasing trends were detected in Fitche (Z = 3.77), Bui (Z = 4.84), and Gewane (Z = 5.59).



The results of the study indicate that the annual discharge of the Awash River Basin shows a sharp decreasing trend from 1981 to 1986 and from 2000 to 2005 with a Z-value of −0.12. Kiremt rainfall is the main source of water that increases the volume of the Awash river basin.



The decrease in river discharge of the Awash river basin is probably due to over-exploitation of the study basin and periodic drought. Such changes are associated with human activity and climate change in the basin. The results obtained in this study by statistical tests (MK, ITAM, and Sen’s slope estimator tests) were confirmed.



It should be noted that the findings of this paper are not enough to confirm the effects of change of climate in Ethiopia. Further studies are needed to address the causes of the decrease of river discharge and its relations to precipitation and climate change. This paper contributed to provide a scientific basis for the variation of precipitation, temperature, and discharge in the study basin. This would be very essential for managers, helping them to make better decisions concerning integrated water resources management in the future. Furthermore, the findings could have important implications for the basin-scale management of water resources.
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Figure 1. Location map of the study area. 
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Figure 2. Annual Mann–Kendall (MK) statistical values of precipitation. 
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Figure 3. Trends of annual temperature across stations (note: UB = −UF). 
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Figure 4. Trends of annual discharge across stations (note: UB = −UF). 
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Figure 5. Correlation coefficient between (a) precipitation and discharge; (b) temperature and discharge. 
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Figure 6. Long-term relation between precipitation and discharge. 
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Figure 7. Long-term relation between temperature and discharge. 
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Table 1. Basic information of meteorological stations.






Table 1. Basic information of meteorological stations.





	Stations
	Elevation (m)
	Latitude (° N)
	Longitude (° E)
	Average Maximum Temperature (°C)
	Annual Mean Precipitation (mm)





	Gewane
	568
	40.633
	10.15
	28.00
	407.15



	Sekoru
	1928
	37.4167
	7.9167
	26.23
	1282.10



	Bui
	2054
	38.5544
	8.3308
	26.01
	372.10



	Fiche
	2784
	38.7333
	9.7667
	20.43
	812.00
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Table 2. Basic information of discharge gauging stations.






Table 2. Basic information of discharge gauging stations.





	Station Name
	Location
	Period of Collected Data
	Mean Annual Discharge (m3/s)





	Awash Hombole
	Melka Werer
	1980–2016
	1256.29



	Holeta
	Near Holeta
	1980–2016
	72.70



	Lake Bishoftu
	Debre Zeit
	1980–2016
	16.08



	Berga
	Near Addis Ababa
	1980–2016
	108.28
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Table 3. Monthly and seasonal precipitation of stations.






Table 3. Monthly and seasonal precipitation of stations.





	Months
	Gewane
	Sekoru
	Bui
	Fitche
	Average Precipitation (mm)
	Z-Score





	January
	20.84
	13.14
	29.01
	4.18
	14.39
	−1.31



	February
	58.13
	19.15
	68.35
	9.82
	18.64
	−1.23



	March
	126.85
	51.25
	183.99
	26.55
	52.26
	−0.59



	April
	97.61
	84.78
	209.94
	27.73
	86.95
	0.08



	May
	51.66
	144.8
	225.89
	27.51
	103.67
	0.4



	June
	54.34
	179.29
	301.66
	50.65
	104.77
	0.42



	July
	200.53
	212.25
	1166.37
	105.55
	165.93
	1.6



	August
	192.57
	190.31
	1292.5
	103.47
	161.87
	1.52



	September
	56.16
	171.13
	487.59
	47.87
	102.89
	0.39



	October
	40.69
	99.79
	93.11
	11.78
	67.25
	−0.3



	November
	17.01
	23.17
	42.4
	2.13
	30.3
	−1.01



	December
	16.19
	15.33
	26.32
	1.96
	15.57
	−1.29



	Kiremt
	149.15
	193.95
	920.18
	86.55
	144.19
	1.18



	Meher
	37.95
	98.03
	207.7
	20.6
	66.81
	−0.31



	Bega
	31.72
	15.88
	41.23
	5.32
	16.2
	−1.28



	Belg
	92.04
	93.61
	206.61
	27.26
	80.96
	−0.03
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Table 4. Results of MK, innovative trend analysis method (ITAM), and Sen’s slope estimator tests for precipitation.
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	No.
	Stations
	Z
	   ϕ   
	B





	1
	Gewane
	0.80 **
	0.12
	3.20 **



	2
	Sekoru
	0.45 *
	−0.06
	1.50 *



	3
	Bui
	0.69
	0.14
	2.48



	4
	Fitche
	0.82 **
	0.05
	4.14 **







Notes: * trends at the 0.1 level; ** trends at the 0.05 level.
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Table 5. Results of MK, ITAM, and Sen’s slope estimator tests for temperature.
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	No.
	Stations
	Z
	   ϕ   
	B





	1
	Gewane
	5.59 **
	0.69
	0.10 **



	2
	Sekoru
	1.37 **
	0.21
	0.01 **



	3
	Bui
	4.84 **
	0.30
	0.05 **



	4
	Fitche
	3.77 ***
	0.71
	0.04 ***







Notes: * trends at the 0.1 level; ** trends at the 0.05 level; *** trends at the 0.01 level.
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Table 6. Results of MK, ITAM, and Sen’s slope estimator tests for annual discharge.






Table 6. Results of MK, ITAM, and Sen’s slope estimator tests for annual discharge.





	No.
	Stations
	Z
	   ϕ   
	B





	1
	Awash Hombole
	−0.48
	−0.80
	−1.83



	2
	Holeta
	1.66
	0.42
	0.75



	3
	Lake Bishoftu
	1.47 *
	0.02
	0.10 *



	4
	Berga
	4.00 **
	6.53
	2.06 **



	5
	Basin Annual
	−0.12
	−0.33
	−0.25







Notes: * trends at the 0.1 level; ** trends at the 0.05 level.
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