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Abstract

:

Smallholder farmers in East and West Hararghe zones, Ethiopia frequently face problems of climate extremes. Knowledge of past and projected climate change and variability at local and regional scales can help develop adaptation measures. A study was therefore conducted to investigate the spatio-temporal dynamics of rainfall and temperature in the past (1988–2017) and projected periods of 2030 and 2050 under two Representative Concentration Pathways (RCP4.5 and RCP8.5) at selected stations in East and West Hararghe zones, Ethiopia. To detect the trends and magnitude of change Mann–Kendall test and Sen’s slope estimator were employed, respectively. The result of the study indicated that for the last three decades annual and seasonal and monthly rainfall showed high variability but the changes are not statistically significant. On the other hand, the minimum temperature of the ‘Belg’ season showed a significant (p < 0.05) increment. The mean annual minimum temperature is projected to increase by 0.34 °C and 2.52 °C for 2030, and 0.41 °C and 4.15 °C for 2050 under RCP4.5 and RCP8.5, respectively. Additionally, the mean maximum temperature is projected to change by −0.02 °C and 1.14 °C for 2030, and 0.54 °C and 1.87 °C for 2050 under RCP4.5 and RCP 8.5, respectively. Annual rainfall amount is also projected to increase by 2.5% and 29% for 2030, and 12% and 32% for 2050 under RCP4.5 and RCP 8.5, respectively. Hence, it is concluded that there was an increasing trend in the Belg season minimum temperature. A significant increasing trend in rainfall and temperature are projected compared to the baseline period for most of the districts studied. This implies a need to design climate-smart crop and livestock production strategies, as well as an early warning system to counter the drastic effects of climate change and variability on agricultural production and farmers’ livelihood in the region.
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1. Introduction


Anthropogenic warming has reached approximately 1 °C above the pre-industrial level, and if the current rate continues, it is likely to reach 1.5 °C between 2030 and 2052 [1]. In Africa, precipitation and temperature have shown declining and increasing trends, respectively [2]. In Ethiopia, mean annual temperature has risen by 1.3 °C between 1960 and 2006 and is projected to increase up to 1.8 °C by 2050s and 3.7 °C by the end of the century, under a high-emission scenario (RCP8.5). However, a high level of spatial-temporal variability and uncertainty in precipitation was observed and projected in the future [3,4]. This could cause various threats to agriculture, health, water supply, livelihoods, and economic growth [5].



Rainfall and temperatures are the most fundamental climate parameters that determine the environmental condition of a particular region [6,7]. A small mean change in those climate parameters threatens food production, especially in low-income and agriculture-based economies [8,9]. In Ethiopia, rainfall and temperature change and variability are expected to have adverse impacts on agriculture and food security [10]. In the past, the country faced unpredictable rain in some years and complete failure of seasonal rain in another that is linked to climate variability [11]. For instance, in 1983/84 main rainfall season failure resulted in a reduction of the GDP by 9.7% and agricultural outputs by 21%, also in 2015/16 10 million and in 2017 5 million people were food insecure as a result of El Nino induced drought and by 2045 the country’s GDP is expected to reduce by 10% due to climate change [12].



In the East and West Hararghe zones, Ethiopia has been affected by the impact of climate change-induced drought, erratic and rainfall reduction, and increasing temperature [13,14]. Reference [15] indicated that eastern and southeastern parts of Ethiopia were severely affected by recurrent droughts, erratic rainfall, and increasing temperature conditions between 1981–2009. February to May (Belg) rainy season was lower than the mean by rainfall amount in the region was up to 60%. As a result, cereal yield was estimated to be below average, with crop failures reported in some areas [16].



Few studies have been conducted on the past trend of rainfall and temperature in Ethiopia. For instance [17], one of the semi-arid areas (Mekelle, Northern Ethiopia) between 1980–2010 showed an increasing trend in minimum temperature for October through January while there were non-significant trends in maximum temperature for the Belg season (April to June) and annual rainfall. Reference [18] also reported annual mean temperature increasing trend and rainfall decreasing trends in Chiro district between 1980–2010. A study by [19] stated that annual rainfall showed high variability and minimum and maximum temperatures an increasing trend in Mieso area, eastern Ethiopia between 1974–2009.



Regarding the predicted temperature change, a similar result was obtained but the results differed for rainfall. However, prediction results depend on emission scenarios, climate models and local conditions [20]. A study by [21] in the Central Rift Valley of Ethiopia reported a mean annual rainfall change of −40% to +10% and a temperature increase by 1.4–4.1 °C in 2080. Reference [22] also reported an increase in mean maximum and minimum temperature ranging from 1.55–6.07 °C and 0.11–2.81 °C, respectively, in northwestern Ethiopia in the 2080s compared to the base period considered (1979–2008). Reference [4] also reported that the eastern part of Ethiopia is often hit hardby severe droughts.



The research studies conducted so far in various regions of the country, including the eastern part, focused on past climate change and variability. However, there is a need to analyze projected climate change/variability to design and implement climate change adaptation strategies that could improve the resilience of farmers for the long term change. Therefore, temperature and rainfall trend analysis in the eastern region of Ethiopia can help to trace the extent and magnitude of climate change and variability and to incorporate climate information into long-term planning. It was hypothesized that rainfall and temperature changes varied for the past three decades and are projected to vary in the future. This study, therefore, analyzed past and projected trends of rainfall and temperature parameters in Eastern and Western Hararghe zones, Ethiopia.




2. Methodology


2.1. Description of the Study Area


The study was conducted in East and West Hararghe zones, Ethiopia. In the region, five stations—namely: Haramaya, Chiro, Gursum, Badessa, and Mieso—which are located in Oromia Regional State were selected for the study (Figure 1). The region receives bi-modal rainfalls that include Belg rainy season from February to May and Kiremit rainy season from June to September. The altitude of the study area ranges from 500–3600 m above sea level. The wide range of agro-climatic zone of the region allowed the production of different types of crops including, cereals, legumes, oilseed, vegetables, fruits, and cash crops such as coffee (Coffee arabical L.) and khat (Catha edulis Forsk) [23].




2.2. Data Sources


Daily rainfall and temperature data from 1988–2017 for 16 stations were obtained from the National Meteorological Agency (NMA) of Ethiopia. Among the 16 stations, only five of them—namely: Haramaya, Gursum, Chiro, Badessa, and Mieso—were selected based on a relatively long period of the data records, less than 10% missing value, and having the required climate parameters data as suggested by [24] (Table 1). The World Meteorological Organization has recommended 30 years as the minimum data required for searching evidence of climatic change in hydro-climatic time series [25].




2.3. Data Quality Assessment


2.3.1. Outlier Detection


The Tukey fence was used to screen outliers greater or less than a threshold value that can affect the detection of inhomogeneity [26]. The range is corresponding to


     Q 1  − 1.5 × I Q R ,  Q 3  + 1.5 × I Q R    



(1)




where, Q1 and Q3 are, the lower and upper quartile points, respectively and IQR is the interquartile range. 1.5 is the constant valueand the outliers are set to the limit value corresponding to ±1.5 × IQR.




2.3.2. Homogeneity Test


A cumulative deviation test was used to detect inhomogeneity in meteorological time series [26]. Reference [27] noted that tests for homogeneity can be based on the adjusted partial sums or cumulative deviations from the mean and it is given as


   s 0 *  = 0 ;    s k *  =   ∑   i = 1  k     y i  −    y   ¯    ,     K = 1 , 2 ,   … ,   n  



(2)







The partial sum of the given series (   s k *  )   will fluctuate around zero if there is no systematic deviation of the    y i    values with respect to their mean. On the other hand, the value of    s k *    could be positive or negative if a break is present near the year k. The rescaled adjusted partial sum is obtained by dividing the difference between the maximum and the minimum of the values    s k *    by the sample standard deviation  σ  and given as


  R =    max     s k *  −  min     s k *    /  σ    0 ≤ k ≤ n  



(3)







The critical value R/   n   , was suggested by [27] and for n = 30 a value of 1.5, and 1.4 for 5%, and 10% probability level, respectively.




2.3.3. Test of Randomness and Persistence


The time-series data were tested for randomness and independence using the autocorrelation function (r1) as described in


   r 1  =     ∑   i = 1   n − 1      x i  −  x ¯       x  i + 1   −  x ¯        ∑   i = 1  n       x i  −  x ¯     2     



(4)




where,    x i    is an observation,    x  i + 1     is the following observation,     x  ¯    is the mean of the time series, and n is the number of data [28]. The autocorrelation coefficient value of    r 1    was tested against the null hypothesis at a 95% confidence interval, using a two-tailed test


   r 1  =   − 1 ± 1.96   ( n − 2     n − 1    



(5)







For the data series that showed significant correlation, a pre-whitened method was followed based on the procedure described by [29], which was obtained as:      X 2  −  r 1   x 1  ,  x 3  −  r 1   x 2    , … ,  x n  −  r 1   x  n − 1       where    x 1  ,  x 2  ,  x 2  , … ,  x n    are data points of the series. Outlier detection, homogenization, and autocorrelation tests were done using XLSTAT statistical software.





2.4. Analytical Procedure


To fill the missing value following the Markov chain model and summarize past daily rainfall and temperature data into annual, seasonal, and month on a regional and local level INSTAT software version 3.37 were used [30]. It is statistical package that includes a range of facilities to simplify the processing of climate data.



2.4.1. Trend Analysis


Mann–Kendall Trend Test


To assess the trend in rainfall and temperature data Mann–Kendall trend test was applied [31,32]. A Mann–Kendall test is a non-parametric approach, which is less sensitive to outliers and tests for a trend of climatic elements without specifying whether the trend is linear or non-linear and widely applied in various trend detection studies [33,34]. Mann–Kendall’s test statistic is given as


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



(6)







The sign function is given as


  s g n =       + 1   i f      x j  −  x i    > 0       0   i f      x j  −  x i    = 0       − 1   i f      x j  −  x i    < 0        



(7)




where S is the Mann–Kendal’s test statistics;    x i    and    x j    are the sequential data values of the time series in the years i and j (j > i) and N is the length of the time series. A positive S value indicates an increasing trend and a negative value indicates a decreasing trend in the data series. The variance of S, for the situation where there may be ties (i.e., equal values) in the x values, is given by


  V a r  S  =   n   n − 1     2 n + 5   −   ∑   i = 1  m  t i   t i − 1     2 t i + 5     18    



(8)




where m is the number of tied groups in the data set and    t i    is the number of data points in the    i  t h     tied group. For n larger than 10,    Z s    approximates the standard normal distribution and computed as


   Z s  =         S − 1     V a r    S         i f   S > 0      0    i f   S = 0        S + 1     V a r    S         i f   S < 0       



(9)







The presence of a statistically significant trend will be evaluated using the    Z s    value. In a two-sided test for trend, the null hypothesis Ho should be accepted if      Z s    <  Z  1 −  α 2      at a given level of significance.    Z  1 −   α  2      is the critical value of    Z s    from the standard normal table—e.g., for 5% significance level, the value of    Z  1 −   α  2      is 1.96.




Sen’s Slope Estimator Test


The non-parametric method described by [35] was also used to estimate the magnitude of trends in the data time series. The slope of “n” pairs of data estimated by using the following formula


  β = M e d i a n      x j  −  x i    j − i               j   >   i  



(10)




where  β  is Sen’s slope estimator,    x j    and    x i    data value at time j and i, (j > i), respectively. The “n” values of  β  are ranked from the smallest to largest and the median of “n” values of  β  is Sen’s slope which is given as


  β =        β        n + 1    2      ,                     I f   n   i s   o d d        1 2     β     n 2      , +  β        n + 2    2          ,         I f   n   i s   e v e n        



(11)







A negative  β  value represents a decreasing trend; a positive  β  value represents an increasing trend over time.





2.4.2. Variability analysis


The Coefficient of Variation (CV%)


The coefficient of variation is used to evaluate the variability of rainfall data relative to its standard deviation and is normally presented as a percentage [36]


  C V =  σ μ  × 100  



(12)




where   C V   is the coefficient of variation;  σ  is the standard deviation and  μ  long term mean rainfall. According to [37] the values of CV (<20) consider less variable, (20–30) moderately variable, and (>30) highly variable.




Rainfall Anomaly and Precipitation Concentration Index


Rainfall anomaly index is used to analyze the frequency and intensity of the dry and wet years in the past, and calculated as the difference between the annual total of a particular year and the long-term average rainfall records and divided by the standered deviation of the long-term data. Positive rainfall anomalies indicate greater than long-term mean rainfall (wet year), while negative rainfall anomalies are less than long-term mean rainfall (dry year). Precipitation concentration index is used to describe the monthly rainfall distribution, and values of less than 10 indicate the uniform monthly distribution of rainfall, between 11–20 indicate high concentration and above 21 indicate very high concentration. In this study, the rainfall anomaly and precipitation concentration index were calculated using precintcon package in R software.






2.5. Future Climate Projection


General circulation models (GCMs) are the most widely used model to simulate local climate trends relative to global scale [38] through the production of climate scenarios and time horizons. For this study, future projected climate data of rainfall and temperature for the near future and mid-century were explored and analyzed based on downscaled products from CMIP5 (Coupled Model Inter-comparison Project Phase 5) dataset, from 17 general circulation models (GCMs) under RCP4.5 and 8.5 using MarkSim weather generator [39] which have been statistically bias-corrected. In this study, both concentration pathways from 17 GCM in 2030 and 2050 were analyzed for five stations of East and West Hararghe zones, Ethiopia (Table 2). To summarize projected daily rainfall and temperature data into annual, seasonal, and monthly INSTAT software version 3.37 were used [30]. The t-test was also conducted on projected data to estimate rainfall and temperature change and compare with the historical observed data.





3. Results and Discussion


3.1. Past Rainfall Trend at the Local and Regional Level


The result of annual rainfall total indicated that 2002 was the driest year and 2010 was the wettest year over the 1988–2017 period in East and West Hararghe zones, Ethiopia. The main rainy season (‘Kiremit’) contributed more than 50% to the annual rainfall totals followed by Belg season. Concerning the monthly rainfall, July, August, and September contributed lion’s share to the annual rainfall total (Table 3). The months of December, January, and November were considered as the driest months with the least contribution to the annual rainfall total. This is due to the fact that the main rainy season in East and West Hararghe zones, Ethiopia is from June to September followed by Belg season from February to May. Consistent with this result, Reference [53] reported that Kiremit and Belg rainfall had contributed largely to the annual rainfall totals in northern highlands of Ethiopia between 1983–2014. The results also corroborate the findings of [54] who reported the maximum contribution of August and July followed by September to the annual rainfall from 1981–2017 in Amhara region.



The result of the Mann–Kendall test revealed that trend of annual and seasonal mean rainfall in the region was not statistically significant. With regards to monthly mean rainfall, February and March showed a significant (p < 0.05) decreasing change. In East and West Hararghe zones, Ethiopia, in February the Belg season begins followed by March therefore significant decreasing trend in mean rainfall of those months may have affected livestock and Belg season crop production. Consistent with the result of this study, Reference [55] reported an insignificant trend in both annual and seasonal rainfall totals from 1979–2013 in the northern and south-western regions of Ethiopia. Consistent with this, Reference [14] reported that over 20% of the East and West Hararghe Zones are Belg rain-dependent.



The coefficient of variation result of annual and seasonal rainfall showed high variability especially in Belg season (CV > 30%) in East and West Hararghe zones, Ethiopia (Table 3 and Figure 2). The highest monthly rainfall variability was observed in January, February, November, and December (CV > 100%). Consistent with this result, Reference [18] reported that Kiremit and annual rainfall was less variable than Belg rainfall between 1980 and 2010 in Chiro district, East and West Hararghe zones, Ethiopia. Similarly, Reference [56] indicated that Belg season is characterized by significant inter and intra-seasonal variability in various regions of Ethiopia. A study by [54] also showed high variability in seasonal rainfall which caused droughts and floods over different years in the Amhara Regional State between 1981–2017. Reference [57] stated that the movement and intensity of the African Inter Tropical Convergent Zone (ITCZ) varies year after year, causing inter annual variability of seasonal rainfall over Ethiopia.




3.2. Rainfall Variability


3.2.1. Precipitation Concentration Index


Analysis of precipitation concentration index (PCI) values revealed that all study districts have recorded a 10–20% mean annual index, which indicates a high concentration of rainfall. Additionally, the trend of the PCI index of Gursum and Haramaya district showed a significant difference at p < 0.05 (Table 4). The high rainfall concentration, as well as undulating and rugged topography of the area, may lead to soil erosion, waterlogging, soil fertility and yield reduction, etc. Consistent with this result, Reference [58] reported a high and irregular concentration of annual rainfall in the period between 1900–2014 in the northeastern highlands of Ethiopia. Furthermore, Reference [59] reported high PCI values in the central highlands of Ethiopia and more intense rainfall and runoff, soil erosion, and waterlogging conditions which affect cereal production and food security.




3.2.2. Rainfall Anomaly Index(RAI)


The result of annual negative rainfall anomalies during the periods between 1988–2017 in selected districts of East and West Hararghe zones, Ethiopia showed a minimum of 40% (in Chiro) and a maximum of 63% (in Gursum) index(Table 4). Annual negative anomaly exceeded that of a positive anomaly in all districts except in Chiro there was also high variability, a dry year was followed by another two or three dry years, then replaced by wet years. The frequency of negative anomalies in the study area increased since the early 2000s especially in Gursum and Haramaya districts (Figure 3). However, the Mann–Kendall trend test indicated that the rainfall anomy index of the district showed a non-significant change.



The result implies that due to more years of drought crop production and food security conditions of the region have been affected. Consistent with this result [60] reported that East and West Hararghe are recurrently affected by below-average rainfall resulting in drought and over a million people relying on emergency relief assistance. Additionally, Reference [61] reported that in the East and West Hararghe zones, Ethiopia is a food deficit area due to change and variability in rainfall and temperature.





3.3. Past Minimum and Maximum Temperature Trends


The mean annual minimum and maximum temperature in the region for the last 30 years was 12.8 °C and 27.2 °C, respectively. The higher mean minimum temperature was recorded in Kiremit than Belg season while it was the opposite for maximum temperatures (Table 5 and Table 6). A high variability compared with maximum temperature was showed in coefficient of variation of mean annual, season, and monthly minimum temperature (Figure 4). Similarly, Reference [62] stated that coefficient variation is much higher for minimum temperature than the maximum temperature in all study districts of western Amhara, Ethiopia between 1979–2008.



The Mann–Kendall trend of annual, Belg and Kiremit season minimum and maximum temperature showed an increasing trend. Regarding monthly minimum temperature, except for January, all months showed an increasing trend and August, September, and November were significant (p < 0.05) (Table 5). On the other hand, monthly maximum temperature showed decreasing and increasing trends; however, none of those were significant. In line with this result, Reference [63] stated that a non-significant warming trend of minimum temperature was observed during annual and Kiremit season between 1985–2019 in north East Ethiopia.



Significant increasing trends of mean minimum temperature especially in the main growing season, might have affected crop growth and development as well as yield across the district in East and West Hararghe zones, Ethiopia. This is because the high temperature during crop growing season leads to greater evapo-transpiration resulting in more water demand for the crops. This result is consistent with [64] who explained that high temperature affects many cellular processes related to plant growth and development, which is directly related to a decrease in photosynthetic efficiency and finally crop yield. An increase in temperature also results in a shift from using long-duration cultivars to the short maturing ones, which have lower yield potential [65].




3.4. Projected Temperature and Rainfall in East and West Hararghe Zones, Ethiopia


3.4.1. Minimum and Maximum Temperature


All the 17 models showed a similar change in projected annual, seasonal, and monthly mean maximum and minimum temperature. The t-test results also showed a significant change compared to baseline mean maximum and minimum temperature with respect to the time period and emission scenarios in the study districts (Table 7, Figure 5 and Figure 6).



The annual mean minimum temperature is projected to increase by 0.34 °C and 2.52 °C for 2030, and by 0.41 °C and 4.15 °C for 2050 under RCP4.5 and 8.5, respectively in the study location. The lowest annual mean minimum temperature (0.34 °C) is projected in Gursum district by 2030s under RCP4.5 and the highest (4.15 °C) by 2050s under RCP8.5 in Haramaya district. The t-test results of the mean minimum temperature in all study districts under RCP4.5 and RCP8.5 and study period except in Chiro district under RCP4.5 significantly increased from the baseline period. In agreement with this result, Reference [66] reported that the mean minimum temperature in the 2050s will be expected to increase by 1.8 °C to 2.1 °C from the 1980−2009 baseline period under RCP4.5 and RCP8.5, respectively, in the sub-Humid Region of Uganda.



Meanwhile, a rise in the mean maximum temperature was projected by −0.02 °C and 1.14 °C for 2030, and by 0.54 °C and 1.87 °C for the 2050s under RCP4.5 and 8.5, respectively in the study area. In all the study districts, except Chiro, by 2030s under both RCP mean maximum temperature is projected to increase in eastern regions of Ethiopia. Similarly, Reference [4] reported a temperature increase across all emission scenarios in Ethiopia throughout the end of the 20th century. Reference [2] also reported for the mid-range emission scenario, the mean annual temperature will increase in the range of 0.9–1.1 °C by 2030, in the range of 1.7–2.1 °C by 2050 over Ethiopia compared to 1961–1990. Reference [67] reported that an increase in temperature may cause a decrease in yield between 2.5% and 10% across several agronomic species throughout the 21st century.




3.4.2. Rainfall


The annual, seasonal, and monthly rainfall total from 17 GCMs are projected to change by −2.4% and 29.1% for 2030, and by 3.5% and 32% for 2050 under RCP4.5 and RCP8.5, respectively (Table 7 and Figure 7). A non-significant (p > 0.05) change of total annual rainfall is projected in Badessa and Gursum under both RCP and periods. In contrast, for both RCPs and projection periods, total annual rainfall is projected to change significantly compared to the baseline period for the rest of the studied district.



Spatiotemporal variability within and between locations was projected. The prediction result of all of the locations indicated that the increase in total annual rainfall by 2050s will be higher as compared to the increase by 2030s as well as under RCP8.5 than RCP4.5 in the region. Consistent with this result, Reference [68] reported a logical increase of rainfall in all future periods by 14.5% and an increase in mean annual streamflow by 4.7% by 2050s. According to the report of [69], rainfall for all RCPs was projected to increase by 4% to 12% by 2100 compared to the 1975–2005 baseline based on the ensemble-based average percentage change over Ethiopia.






4. Conclusions


Past and projected rainfall and temperature change and variability have been analyzed at the local and regional levels in East and West Hararghe zones, Ethiopia. The results of the study indicated that the mean annual minimum temperature of Belg season was significantly increased in the last 30 years. On the other hand, the change in mean annual and seasonal rainfall total and temperature for the period 1988–2017 was not statistically significant. Projected annual, seasonal, and monthly trends showed a rise in rainfall, and minimum and maximum temperature under RCP4.5 and RCP8.5 by 2030 and 2050 in most of the districts. From the near future period of the 2030s, under RCP4.5, it is evident that minimum temperature and rainfall showed a non-significant difference in some of the studied districts; however, it is changed under RCP8.5 by 2050s. The result of this study indicated that past rainfall and Belg minimum temperature have shown variability and increasing trend, respectively. Both rainfall and temperature projected a significant change compared to the baseline period. Therefore, the variability and change may have affected food production in the region. Hence, the application of this study’s outputs will help not only to understand the past climate in the region, but also to see the future change to undertake climate-smart adaptation options. It is recommended that future research should focus on the impact of temperature and rainfall change and variability on crop production.
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Figure 1. Location map of the study districts. 
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Figure 2. Long-term mean annual rainfall variability across districts in East and West Hararghe zones, Ethiopia for the period (1988–2017). 
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Figure 3. Annual rainfall anomaly index of the study districts in East and West Hararghe zones, Ethiopia for the period (1988–2017). 
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Figure 4. Long-term mean annual maximum and minimum temperature variability across districts from 1988–2017 in East and West Hararghe zones, Ethiopia. 
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Figure 5. Minimum temperature of 17 global climate models (GCMs), mean and historical observed (1988–2017) of five stations in East and West Hararghe zones, Ethiopia. 
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Figure 6. Maximum temperature of 17 global climate models (GCMs), mean and historical observed (1988–2017) of five stations in East and West Hararghe zones, Ethiopia. 
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Figure 7. Rainfall of 17 global climate models (GCMs), mean and historical observed (1988–2017) of five stations in East and West Hararghe zones, Ethiopia. 
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Table 1. Characteristics of stations for recorded rainfall and temperature data in East and West Hararghe zones, Ethiopia.
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	No.
	Stations
	Latitude (°N)
	Longitude (°E)
	Elevation (m.a.s.l.)
	Database Period





	1
	Badessa
	8.9
	40.8
	1704
	1988−2017



	2
	Chiro
	9.1
	40.9
	1784
	1988−2017



	3
	Gursum
	9.4
	42.4
	1960
	1988−2017



	4
	Haramaya
	9.4
	42.0
	2039
	1988−2017



	5
	Mieso
	9.2
	40.8
	1331
	1988−2017
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Table 2. Description of selected 17 global climate models (GCMs) from Coupled Model Inter-comparison Project Phase 5 (CMIP5).
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	N°
	GCMs
	Institution
	Resolution, Lat. × Long.
	References





	1
	BCC-CSM 1.1
	Beijing Climate Center, China Meteorological Administration
	2.8125 × 2.8125
	[40]



	2
	BCC-CSM 1.1 (m)
	Beijing Climate Center, China Meteorological Administration
	2.8125 × 2.8125
	[40]



	3
	CSIRO-Mk 3.6.0
	Commonwealth Scientific and Industrial Research Organization and the Queensland Climate Change Centre of Excellence
	1.875 × 1.875
	[41]



	4
	FIO-ESM
	The First Institute of Oceanography, SOA, China
	2.812 × 2.812
	[42]



	5
	GFDL-CM3
	Geophysical Fluid Dynamics Laboratory
	2.0 × 2.5
	[43]



	6
	GFDL-ESM2G
	Geophysical Fluid Dynamics Laboratory
	2.0 × 2.5
	[44]



	7
	GFDL-ESM2M
	Geophysical Fluid Dynamics Laboratory
	2.0 × 2.5
	[44]



	8
	GISS-E2-H
	NASA Goddard Institute for Space Studies
	2.0 × 2.5
	[45]



	9
	GISS-E2-R
	NASA Goddard Institute for Space Studies
	2.0 × 2.5
	[45]



	10
	HadGEM2-ES
	Met Office Hadley Centre
	1.2414 × 1.875
	[46]



	11
	IPSL-CM5A-LR
	Institut Pierre-Simon Laplace
	1.875 × 3.75
	[47]



	12
	IPSL-CM5A-MR
	Institut Pierre-Simon Laplace
	1.2587 × 2.5
	[47]



	13
	MIROC-ESM
	Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science and Technology
	2.8125 × 2.8125
	[48]



	14
	MIROC-ESM-CHEM
	Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science and Technology
	2.8125 × 2.8125
	[48]



	15
	MIROC5
	Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of Tokyo), and the National Institute for Environmental Studies
	1.4063 × 1.4063
	[49]



	16
	MRI-CGCM3
	Meteorological Research Institute
	1.125 × 1.125
	[50]



	17
	NorESM1-M
	Norwegian climate centre
	1.875 × 2.5
	[51,52]
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Table 3. Descriptive statistics and Mann–Kendall test of rainfall total in East and West Hararghe zones, Ethiopia (from 1988–2017).
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	Period
	Min (mm)
	Max (mm)
	Mean (mm)
	SD
	CV (%)
	CAT (%)
	Zs
	β





	Annual
	647.6
	1106.9
	877.5
	120.2
	13.7
	-
	−1.7
	−4.7



	Belg
	154.8
	609.5
	331.5
	106.8
	32.2
	37.8
	−1.2
	−2.5



	Kiremit
	246.5
	568.4
	456.2
	75.2
	16.5
	52
	0.2
	0.5



	January
	0
	63
	12
	15
	125
	1.4
	−0.5
	−0.1



	February
	0
	97
	19
	26
	136.8
	2.2
	−2.5 *
	−0.7



	March
	5
	160
	73
	45
	61.6
	8.3
	−2.2 *
	−2.3



	April
	36
	229
	123
	49
	39.8
	14
	−1.3
	−1.4



	May
	16
	262
	94
	53
	56.4
	10.7
	0.9
	1.03



	June
	21
	104
	59
	23
	38.9
	6.7
	0.2
	0.15



	July
	36
	213
	130
	32
	24.6
	14.8
	−0.3
	−0.3



	August
	64
	250
	142
	39
	27.5
	16.2
	0.5
	0.4



	September
	57
	176
	129
	33
	25.6
	14.7
	1.3
	0.9



	October
	1
	265
	63
	57
	90.5
	7.2
	−1.2
	−0.8



	November
	0
	85
	19
	23
	121.1
	2.2
	0.7
	0.1



	December
	0
	69
	15
	17
	113.3
	1.7
	−0.9
	−0.2







Note: Zs = Mann–Kendall test; β = Sen’s slope; SD = Standard deviation; CV = coefficient of variation; CAT = Contribution to annual total; * = indicate significant at p < 0.05.
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Table 4. Descriptive statistics and Mann–Kendall test of rainfall anomaly and rainfall concentration index in East and West Hararghe zones, Ethiopia (from 1988–2017).
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Parameters

	
Statistics

	
Badessa

	
Chiro

	
Gursum

	
Haramaya

	
Mieso






	
PCI

	
Min

	
1.3

	
10.5

	
11.3

	
12.2

	
12.8




	
Max

	
19.7

	
21.1

	
21.2

	
24.2

	
21.0




	
Mean

	
14.2

	
16.1

	
15.9

	
15.3

	
16.4




	
Zs

	
0.6

	
0.8

	
2.1 *

	
2.4 *

	
−0.7




	
RAI

	
Min

	
−1.9

	
−2.1

	
−1.4

	
−1.6

	
−1.3




	
Max

	
3.1

	
2.0

	
3.5

	
2.5

	
3.9




	
Mean

	
0.05

	
0.00

	
−0.01

	
−0.04

	
−0.02




	
Zs

	
−1.87

	
−1.1

	
−1.5

	
0.00

	
−0.9








Note: Zs = Mann–Kendall test; RAI = rainfall anomaly index; PCI = precipitation cocentration index; * = indicate significant at p < 0.05.
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Table 5. Descriptive statistics and Mann–Kendall trend test result for annual, seasonal, and monthly minimum temperature (°C) (from 1988–2017) in East and West Hararghe zones, Ethiopia.
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	Temperature
	Min (°C)
	Max (°C)
	Mean (°C)
	SD
	CV (%)
	Zs
	β





	Annual
	11.7
	14.4
	12.8
	0.6
	4.7
	1.5
	0.05



	Belg
	11.9
	14.6
	13.3
	0.7
	5.3
	1.5
	0.04 *



	Kiremit
	13.3
	15.9
	14.5
	0.6
	4.4
	1.4
	0.06



	January
	8.3
	12.6
	10.4
	1.9
	11.4
	−0.02
	0.00



	February
	9.3
	13.3
	11.4
	1.2
	10.8
	1.0
	0.02



	March
	10.8
	15.5
	13.2
	1.1
	8.3
	1.5
	0.03



	April
	12.1
	15.8
	14.2
	0.8
	5.3
	1.6
	0.05



	May
	12.5
	15.6
	14.5
	0.8
	5.4
	1.0
	0.06



	June
	13.6
	15.8
	14.9
	0.6
	4.1
	1.1
	0.06



	July
	13.2
	16.0
	14.6
	0.8
	5.2
	1.4
	0.07



	August
	13.0
	15.9
	14.5
	0.7
	4.9
	2.1 *
	0.06 *



	September
	12.2
	15.7
	13.7
	0.7
	5.0
	2.1 *
	0.06 *



	October
	10.3
	14.6
	12.2
	0.9
	6.9
	1.6
	0.04



	November
	8.2
	12.8
	10.2
	1.2
	11.2
	3.1 *
	0.07 *



	December
	6.6
	12.6
	9.5
	1.4
	14.9
	0.09
	0.00







Note: Zs= Mann–Kendall test; β = Sen’s slope; SD = standard deviation; CV = coefficient of variation; * = indicate significant at p < 0.05.
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Table 6. Descriptive statistics and Mann–Kendall test results for annual, seasonal, and monthly maximum temperature (°C) (from 1988–2017) in East and West Hararghe zones, Ethiopia.
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	Temperature
	Min (°C)
	Max (°C)
	Mean (°C)
	SD
	CV (%)
	Zs
	β





	Annual
	26.5
	27.8
	27.2
	0.31
	1.1
	0.8
	0.004



	Belg
	26.8
	28.8
	28.0
	0.47
	1.7
	0.8
	0.01



	Kiremit
	26.4
	27.9
	27.0
	0.4
	1.5
	0.8
	0.01



	January
	25.3
	27.7
	26.4
	0.6
	2.3
	−0.3
	−0.00



	February
	26.3
	28.8
	27.7
	0.7
	2.4
	0.9
	0.02



	March
	26.0
	30.3
	28.2
	1.0
	3.4
	1.0
	0.02



	April
	26.4
	29.2
	27.9
	0.8
	2.7
	0.5
	0.01



	May
	26.8
	29.6
	28.2
	0.6
	2.3
	−1.6
	−0.02



	June
	26.5
	29.2
	28.2
	0.6
	2.2
	−0.4
	−0.00



	July
	25.8
	28.4
	26.9
	0.7
	2.6
	1.6
	0.03



	August
	25.6
	27.5
	26.4
	0.6
	2.1
	−0.02
	0.00



	September
	25.8
	28.1
	26.6
	0.5
	2
	−0.3
	−0.00



	October
	25.1
	28.2
	26.9
	0.7
	2.5
	−0.5
	−0.00



	November
	25.2
	27.7
	26.7
	0.5
	2
	0.3
	−0.00



	December
	24.8
	27.5
	25.8
	0.5
	2.1
	−0.9
	−0.01







Note: Zs = Mann–Kendall test; β = Sen’s slope; SD = standard deviation; CV = coefficient of variation.
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Table 7. Projected rainfall and temperature change and variability across stations in East and West Hararghe zones, Ethiopia.






Table 7. Projected rainfall and temperature change and variability across stations in East and West Hararghe zones, Ethiopia.





	
Parameters

	
Badessa

	
Chiro

	
Gursum

	
Haramaya

	
Mieso




	
Annual

	
Belg

	
Kiremit

	
Annual

	
Belg

	
Kiremit

	
Annual

	
Belg

	
Kiremit

	
Annual

	
Belg

	
Kiremit

	
Annual

	
Belg

	
Kiremit






	
(2030)




	
Rainfall (mm)




	
Baseline

	
1093.5

	
349.9

	
599.8

	
914.1

	
318

	
481

	
823.7

	
326.4

	
402.8

	
806

	
264.9

	
444.3

	
769.5

	
247.6

	
399.2




	
RCP4.5

	
1121.3

	
405.0

	
582.9

	
1158.3 *

	
410.7

	
617.2

	
804

	
279.1

	
419.5

	
877.4 *

	
312.3

	
464.8

	
917.1 *

	
346.5

	
465.3




	
RCP8.5

	
1126.8

	
409.1

	
583.8

	
1173.1 *

	
407.4

	
628.7

	
810.4

	
273.2

	
418.1

	
1040.3 *

	
312.3

	
478.3

	
922.9 *

	
344.4

	
468.8




	
Tmax (°C)




	
Baseline

	
27.9

	
28.9

	
27.2

	
27.9

	
28.5

	
28.1

	
24.9

	
25.7

	
24.1

	
24.1

	
25.2

	
23.9

	
30.8

	
31.6

	
31.6




	
RCP4.5

	
28.7 *

	
29.2

	
29.0 *

	
27.9

	
28.5

	
28.3

	
25.7 *

	
26.7

	
24.9 *

	
24.9 *

	
25.8

	
24.5 *

	
31.4 *

	
31.7

	
32.3 *




	
RCP8.5

	
28.7 *

	
29.3

	
29.1 *

	
28.0

	
28.5

	
28.4

	
26.1 *

	
26.8

	
25.0 *

	
25.0 *

	
25.9

	
24.6 *

	
31.4 *

	
31.8

	
32.3 *




	
Tmin (°C)




	
Baseline

	
12.6

	
13.0

	
14.1

	
13.9

	
14.6

	
15.1

	
12.7

	
13.0

	
12.7

	
10.0

	
10.9

	
13.5

	
14.9

	
15.4

	
17.5




	
RCP4.5

	
14.9 *

	
15.1 *

	
16.1 *

	
14.4

	
14.6

	
15.5 *

	
13.1 *

	
13.3

	
14.5 *

	
12.9 *

	
13.2

	
13.7

	
17.2 *

	
17.5 *

	
19.0




	
RCP8.5

	
15.1 *

	
15.3 *

	
16.3 *

	
14.6 *

	
14.9

	
15.7 *

	
13.6 *

	
13.5

	
14.7 *

	
12.9 *

	
13.4

	
13.9

	
17.4 *

	
17.7 *

	
19.2




	
(2050)




	
Rainfall(mm)




	
RCP 4.5

	
1131.4

	
410.2

	
586.4

	
1182.5 *

	
416.3

	
624.5

	
803.7

	
270.2

	
423.7

	
905.5 *

	
315

	
480.7

	
926.3 *

	
336.4

	
471.3




	
RCP 8.5

	
1174.2

	
414.8

	
595.5

	
1207.5 *

	
415.3

	
637.1

	
851.0

	
280.2

	
441.4

	
931.1 *

	
320

	
494.1

	
945.9 *

	
336.4

	
481.7




	
Tmax (°C)




	
RCP4.5

	
29.3 *

	
29.8

	
29.6 *

	
28.4 *

	
29.04

	
28.9

	
25.8 *

	
27.3

	
25.4 *

	
25.5 *

	
26.4

	
25.0 *

	
31.9 *

	
32.4 *

	
32.8 *




	
RCP8.5

	
29.5 *

	
30.2

	
30.0 *

	
28.9 *

	
29.5

	
29.3 *

	
26.7 *

	
27.7 *

	
25.8 *

	
26.0 *

	
26.9

	
25.5 *

	
32.3 *

	
32.8 *

	
33.5 *




	
Tmin (°C)




	
RCP4.5

	
15.4 *

	
15.6 *

	
16.7 *

	
14.8 *

	
14.1

	
16.1 *

	
13.2 *

	
13.9

	
15.0 *

	
13.5 *

	
13.8

	
14.2

	
17.8 *

	
18.0 *

	
19.6 *




	
RCP 8.5

	
15.9 *

	
16.3 *

	
17.3 *

	
15.7 *

	
15.9 *

	
16.7*

	
14.1 *

	
14.5

	
15.5 *

	
14.1 *

	
14.4

	
14.8

	
18.4 *

	
18.6 *

	
20.1 *








Tmin = minimum temperature; Tmax = maximum temperature; * = indicate significant at p < 0.05 with baseline.
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