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Abstract 22 

 23 

Coffee production in eastern Ethiopia is highly sensitive to rainfall variability and rising 24 

temperatures. Understanding the relationship between seasonal climate characteristics 25 

and coffee yield is critical for sustaining livelihoods and export potential. This study 26 

examined rainfall and temperature patterns in Melka Balo, Bedeno, and Shenen Dugo  27 

districts, analyzing eighteen years of daily climate and yield data (2007–2024) and 28 

projected future trends (2026–2055) using CMIP6 models under the SSP2-4.5 scenario. 29 

Correlation analysis revealed that belg rainy days had a strong positive influence on 30 

coffee yield, while belg and kiremt rainfall totals, kiremt rainy days, and length of the 31 

growing period showed moderate positive effects. Conversely, delayed onset of rainfall 32 

reduced yield, and both belg and kiremt mean temperatures exhibited strong negative 33 

correlations. Regression models explained 82–92% of yield variation across districts, 34 

confirming rainfall reliability as a key driver of productivity. Projection results indicated that 35 

belg rainfall totals will decline sharply (~3.7–9.8 mm per year), kiremt rainfall totals will 36 

decrease slightly but variably (~0.5–9 mm per year), and annual rainfall will decline 37 

steadily (~4.6–9 mm per year). The onset of belg rainfall is expected to be delayed by 38 

0.7–1.2 days per year, while the end date shifts earlier by ~2–4 days per year, shortening 39 

the growing period by ~0.7–6 days annually. Seasonal temperatures will rise consistently, 40 

with belg mean increasing by ~0.035–0.039 °C per year, kiremt mean by ~0.021–0.032 °C 41 

per year, and mean annual temperature by ~0.02–0.03 °C per year. Coffee yield is 42 

projected to decline steadily, averaging ~0.09–0.10 qt/ha loss per year. Climate 43 

variability, particularly rising belg and kiremt temperatures, declining rainfall totals, 44 

delayed onset, earlier cessation, and shortened growing periods, poses a severe threat 45 

to Arabica coffee production in eastern Ethiopia. Without adaptation, both livelihoods and 46 

export potential will be undermined. Urgent measures such as introducing drought and 47 

high temperature-resistant coffee varieties, expanding production to higher altitudes, 48 

integrating shade trees, and implementing soil and water conservation strategies are 49 

essential to sustain productivity under changing climate conditions. 50 

 51 

Keywords: Coffea arabica L.; Rainfall and temperature variability; Productivity; East and 52 

west Hararghe 53 
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 54 

 55 

1. Introduction 56 

 57 

Global Arabica coffee production is increasingly threatened by climate change, with rising 58 

temperatures, erratic rainfall, and extreme events reducing suitability in traditional 59 

growing regions [1, 2]. Beyond yield impacts, climate variability undermines the genetic 60 

diversity and cultural heritage of coffee, a crop deeply tied to local identities and global 61 

markets [3]. These challenges are magnified in Africa, where Sub-Saharan regions are 62 

recognized as among the most vulnerable to climate variability and climate change [4]. 63 

Recurrent droughts and floods have constrained economic development and livelihoods 64 

across the continent, intensifying risks for agriculture-dependent communities [5, 6]. 65 

 66 

Within this continental picture, Ethiopia occupies a unique position. Agriculture remains 67 

the backbone of its economy, yet its dependence on rain-fed systems makes it highly 68 

sensitive to rainfall variability and temperature extremes [7-9]. At the same time, Ethiopia 69 

is the center of origin of Coffea arabica and Africa’s leading producer, ranking fifth globally 70 

in Arabica production and tenth in coffee exports [10]. Coffee is not only an economic 71 

pillar, contributing more than 25% of foreign exchange earnings, 5% of GDP, 12% of 72 

agricultural output, and 10% of government revenues [11] but also a cultural heritage crop 73 

deeply tied to Ethiopian identity and tradition.12 74 

 75 

Despite this importance, climate pressures are already eroding Ethiopia’s coffee sector. 76 

Rising temperatures, prolonged droughts, and intensified rainfall events have reduced 77 

productivity and increased pest and disease risks [12-14]. Empirical studies confirm 78 

Arabica’s narrow climatic tolerance: Chemura et al. [15] showed warming trends 79 

narrowing its ecological range, while Megerssa et al. [16] documented heightened 80 

vulnerability to pests. While [17] found rainfall variability constrained yields, Mamuye et 81 

 
1 Rain‑fed agriculture accounts for more than 95% of Ethiopia’s cultivated land, making rainfall timing and 

reliability decisive for productivity. 
2 Coffee ceremonies are central to Ethiopian social life, symbolizing hospitality and cultural identity; this heritage 

dimension strengthens the crop’s national importance beyond economics. 
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al. [18] identified rainfall variability as a driver of decline, Wakjira linked late cessation to 82 

smaller beans [19], and demonstrated that delayed onset reduces yield reliability [20]3. 83 

 84 

In eastern Ethiopia, Hararghe coffee is globally prized for its flavor profile and genetic 85 

diversity, yet productivity remains low. Average yields of 512 kg/ha, and 546 kg/ha in 86 

West and east Hararghe respectively [21], below the national average of 619 kg/ha. 87 

Coffee marketing issues [22], trends and production challenges [23], while recent work 88 

warns of genetic erosion [24]. Climatic thresholds remain critical as Tesfaye reported 89 

Arabica coffee tolerance ranges annual precipitation between 700–2019 mm (optimum 90 

1502–1854 mm) and mean temperatures between 14–27 °C (optimum 19–22 °C)[25]. 91 

More recent modeling confirms these ranges but stresses that deviations, particularly 92 

rising temperatures and moisture stress, are already reducing productivity [13, 16].4 93 

 94 

While these studies provide valuable insights, most have concentrated on some parts of 95 

Ethiopia or national-level value chain impacts. District-specific projections in eastern 96 

Ethiopia remain scarce, particularly for Melka Balo, Bedeno, and Shenen Dugo, where 97 

coffee is central to household income but highly vulnerable to climate variability. 98 

Quantitative projections of belg and kiremt rainfall timing, seasonal temperature rise, and 99 

yield decline at district scale are largely absent. This study addresses that gap by 100 

analyzing historical climate–yield relationships (2007–2024) and projecting future coffee 101 

productivity (2026–2055) under CMIP6 SSP2-4.5 scenarios in Melka Balo, Bedeno, and 102 

Shenen Dugo. The findings provide localized evidence to guide adaptation strategies for 103 

sustaining Arabica coffee in eastern Ethiopia. 104 

 105 

2. Materials and methods 106 

 107 

2.1 Description of the Study Area 108 

 109 

 
3 Arabica coffee thrives only within narrow temperature and rainfall ranges; small deviations increase risks of pests, 

diseases, and yield instability   . 
4 Hararghe coffee is valued globally for its distinct flavor and genetic diversity, but its narrow climatic tolerance 

makes it highly vulnerable to rainfall variability and warming trends. 
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The study was conducted in coffee-producing districts of East and West Hararghe Zones, 110 

located in the eastern part of Oromia Regional State, Ethiopia. The zones lie 111 

approximately 525 km east of Addis Ababa, between 7°32′–9°44′ N latitude and 41°10′–112 

43°16′ E longitude, covering a total area of about 26,311 km². Elevation ranges from 500 113 

to 3,405 m.a.s.l., reflecting diverse agro-ecological conditions. Agro-climatically, the 114 

zones are divided into three major categories: lowland (60.32%), midland (32.24%), and 115 

highland (7.44%). Rainfall is bimodal, with the main rainy season (kiremt) occurring from 116 

June to September and the short rainy season (belg) from February to May [21]. Annual 117 

rainfall ranges between 400–1,010 mm, while mean annual temperatures vary from 14–118 

25 °C. 119 

 120 

Agriculture is the dominant economic activity and the primary source of livelihood for most 121 

residents. Farming is largely small-scale and mixed, combining crop and livestock 122 

production. Major crops include cereals (sorghum, maize, wheat, and barley), pulses, 123 

oilseeds, vegetables, and fruits. Cash crops such as coffee (Coffea arabica L.) and chat 124 

(Catha edulis) are particularly important, contributing significantly to household income 125 

and regional trade [22].56 126 

 127 

Figure 1. Map of the study area. 128 

 
5Belg (February–May) and Kiremt (June–September) are Ethiopia’s two principal rainy seasons; their 
timing and reliability are decisive for crop growth and coffee yield. 
6Chat (Catha edulis) is a stimulant leaf widely cultivated in eastern Ethiopia; alongside coffee, it provides 

vital cash income and shapes regional trade dynamics. 
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 129 

 Source=map was produced in ArcGIS 10.8 130 

 131 

The map highlights the study districts (Bedeno, Melka Belo, and Shenen Dugo), with 132 

boundaries, a legend, a scale bar, and a north arrow included for orientation 133 

 134 

2.2. Data and source 135 

 136 

Historical daily rainfall and temperature records (2007–2024) were obtained from the 137 

National Meteorological Agency (NMA) and local weather stations in Bedeno, Melka 138 

Balo, and Shenen Dugo. Annual coffee yield data (qt/ha) were collected from District 139 

Agricultural and Marketing Offices. 140 

 141 

Future rainfall and temperature projections were sourced from the Coupled Model 142 

Intercomparison Project Phase 6 (CMIP6) under the SSP2-4.5 scenario, representing an 143 

intermediate stabilization pathway [26, 27, 28]. Data were accessed through the Earth 144 

System Grid Federation (ESGF) portal (https://esgf-node.llnl.gov/projects/cmip6/). Model 145 
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selection considered experiment type, analysis period, resolution, and variant 146 

consistency, specifically the complete first ensemble member (r1i1p1f1). Two CMIP6 147 

models (HadGEM3 GC31 LL and NorESM2 MM) were chosen for their completeness, 148 

diversity in spatial resolution and structural design, and proven performance in simulating 149 

East African climate (Table 1). Their inclusion also ensured representation from different 150 

modeling centers, minimizing systematic biases and enhancing robustness.7 151 

 152 

Table 1. List of employed CMIP6 climate models for projection of climate data in eastern 153 

Ethiopia 154 

CMIP6 model name Country Horizontal 
resolution 
(longitude × 
latitude) 

Variant 
label 

Key references 

HadGEM3-GC31-LL UK 1.875° × 1.25° r1i1p1f1 [29] 

NorESM2-MM Norway 2.5° × 1.875° r1i1p1f1 [30] 

 155 

The study focused on the near-future period (2026–2055) under SSP2-4.5, reflecting 156 

short-term climate variations driven by current greenhouse gas concentrations and 157 

phenomena such as El Niño–Southern Oscillation (ENSO), making it critical for 158 

immediate adaptation and mitigation planning [31]. Model performance was evaluated by 159 

comparing simulated historical data against observed records during the 2015–2024 160 

baseline. Annual rainfall and temperature values were plotted and visually inspected for 161 

consistency with observed climatology, following approaches used in East African climate 162 

assessments [32, 33]. Projected climate data (2026–2055) were then incorporated into 163 

regression models developed from observed climate–yield relationships to estimate 164 

future coffee productivity in East and West Hararghe. 165 

 166 

2.3 Definitions of Climatic Variables 167 

 168 

The start date of the rainy season was declared when a total rainfall of more than 20 mm 169 

recorded in three consecutive days that were not followed by greater than 10 days of dry 170 

 
7
 SSP2‑4.5 is a mid‑range scenario in CMIP6, representing moderate greenhouse gas emissions and socio‑economic 

pathways; HadGEM3 and NorESM2 are widely used global climate models with demonstrated skill in East African 

rainfall simulation. 
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spell length within 30 days from planting day was used. No drier spell exceeding 10 days 171 

within the 30 days taken as extra criteria embedded in INSTAT (V 3.37) helps to avoid 172 

false onset. The end date of the rainy season was adopted in this case is defined as any 173 

day after the first of September, when the soil water balance reaches zero. In determining 174 

the end date, site-specific evapotranspiration was determined and a fixed 3.66 mm per 175 

day and 100 mm of plant-available soil water were considered [34]. Using the above 176 

definitions, Instant Statistical program Version 3.37 was used for analysis using January 177 

to December calendar. The length of the growing period was determined by subtracting 178 

Belg onset date from Kiremt end date of rainfall. 179 

 180 

Finally, in determining the number of rainy days, multiple criteria are available for use. In 181 

the context of Ethiopia, Segele and Lamb employed three rainfall thresholds to define a 182 

rainy day (0.1 mm, 0.5 mm and 1 mm)[35]. However, Hadgu et al. defined a rainy day as, 183 

a day with 1 or more mm of rainfall amount [36]. In this study, 1 mm per 24 hrs, rainfall 184 

threshold was adopted. Seasonal rainfall amount was decided by adding the amount of 185 

rainfall recorded for both belg and Kiremt rainy season for this study area.8 186 

 187 

2.4. Data quality control 188 

 189 

Daily rainfall, minimum, and maximum temperature records were organized in Excel using 190 

day-of-year format. Quality control procedures included checks for completeness and 191 

temporal consistency. Missing values were imputed using a first-order Markov chain 192 

simulation model in INSTAT software, following established approaches [35]. The 193 

first-order approach was chosen because it avoids exaggeration and provides reliable 194 

estimates [37].Outlier detection, homogeneity testing, and multicollinearity checks were 195 

conducted in SPSS to ensure dataset robustness prior to statistical analysis. These steps 196 

minimized bias and enhanced the reliability of subsequent correlation and regression 197 

models.9 198 

 
8 The 1 mm threshold is widely accepted in Ethiopian agro‑climatic studies as the minimum rainfall 
amount that contributes meaningfully to soil moisture and crop growth. 
9 Multicollinearity checks ensure that explanatory climate variables (rainfall, temperature, onset, cessation) 

do not distort regression estimates of coffee yield sensitivity. 
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 199 

2.5. Data analysis  200 

 201 

Observed rainfall, temperature, and coffee yield data (2007–2024) were analyzed using 202 

correlation and regression. The multiple regression model was developed to quantify the 203 

influence of climatic variables on coffee productivity: 204 ܻ = ܽ + 1ݔ1ܾ + 2ݔ2ܾ + 3ݔ3ܾ + 4ݔ4ܾ + ݊ݔܾ݊ +  205 (1) ݊݊݋݅ݐܽݑݍ݁            ݁

Where Y=the value of the dependent variable (Coffee yield in qt/ha), a=Y-intercept, b1, 206 

b2, b3, b4,…bn = regression coefficients (each b represents the amount of change in Y 207 

(yield) for one unit of change in the corresponding x-value when the other x values are 208 

held constant; x1, x2, x3 , x4,..an =the rainfall independent variables (i.e. rainfall onset, 209 

cessation, LGP, seasonal rainfall totals and number of rain days) and temperature-210 

independent variables (i.e. belg mean temperature and Kiremt mean temperature), e: the 211 

error of estimate or residuals of the regression.10  212 

 213 

Pearson correlation coefficients (r) were calculated to assess the strength and direction 214 

of relationships between coffee yield and individual climatic parameters. Values of r range 215 

from –1 to +1, with coefficients close to +1 indicating strong positive correlation, 216 

coefficients close to –1 indicating strong negative correlation, and values near 0 indicating 217 

no correlation. The coefficient of determination (R2) was used to evaluate the proportion 218 

of yield variation explained jointly by rainfall and temperature variables. Statistical 219 

significance of predictors was tested using ANOVA at the 95% confidence level (p ≤ 0.05). 220 

Student’s t-tests were applied to assess the unique contribution of each independent 221 

variable. Multicollinearity was checked using Variance Inflation Factor (VIF) in SPSS; VIF 222 

values close to 1 indicate no collinearity, while values approaching 10 suggest serious 223 

collinearity problems [38].11 224 

 225 

3. Results 226 

 227 

3.1 Correlation between Rainfall, Temperature, and Coffee Yield 228 

 
10 This regression framework allows simultaneous estimation of rainfall and temperature effects, controlling 

for interdependence among climatic variables. 
11 Variance Inflation Factor (VIF) is a diagnostic tool that quantifies how much multicollinearity inflates 

the variance of regression coefficients; values above 10 are generally considered problematic. 
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 229 

Across Melka Balo, Bedeno, and Shenen Dugo districts, rainfall reliability (rainy days and 230 

totals) consistently supported coffee yield, while rising seasonal temperatures and 231 

delayed onset of rainfall reduced productivity. In Melka Balo, as presented in Table 1.1, 232 

from rainfall variables belg rainy days (r = 0.809,) had the strongest positive correlation 233 

with yield, followed by belg rainfall total (r = 0.736,) and kiremt rainfall total (r = 0.66). 234 

Kiremt rainy days (r = 0.461), length of growing period (r = 0.462), and end date of rainfall 235 

(r=0.341) also showed moderate positive associations. The onset date of rainfall (r = -236 

0.408) had a moderate negative correlation, indicating that late onset reduced 237 

productivity. Belg and kiremt mean temperatures (r = -0.838 and r = -0.801, respectively) 238 

showed strong negative correlations, confirming that rising temperatures significantly 239 

reduced yield in the district during 2007-2024.12 240 

 241 

Bedeno (Table 1.2): rainfall variables also showed positive associations, with kiremt 242 

rainfall total (r = 0.881, p < 0.01) and kiremt rainy days (r = 0.684) being the strongest 243 

predictors. Belg rainy days (r = 0.604) and belg rainfall total (r = 0.525) contributed 244 

moderately, while LGP showed a weak positive correlation (r = 0.136). Temperature 245 

variables belg mean (r = -0.805) and kiremt mean (r = -0.792) had strong negative 246 

correlations, and onset date (r = -0.405) was moderately negative. The end date of rain 247 

(r = 0.032) showed no meaningful correlation with yield but was strongly correlated with 248 

LGP (r = 0.775), suggesting redundancy.13 249 

 250 

Shenen Dugo (Table 1.3): Kiremt rainfall total (r = 0.635) and kiremt rainy days (r = 0.508) 251 

were positively correlated with yield, while belg rainfall total (r = 0.17) and belg rainy days 252 

(r = 0.044) were weakly positive. Temperature variables belg mean (r = -0.700) and kiremt 253 

mean (r = -0.642) had strong negative correlations, and onset date (r = -0.216) was 254 

 
12 Strong negative correlations with temperature highlight the sensitivity of Arabica coffee to warming, 

particularly during belg and kiremt seasons. 
13 The redundancy between end date and LGP suggests overlapping explanatory power; including both in 

regression models risks multicollinearity. 
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weakly negative. LGP was negatively but insignificantly correlated with yield (r = -0.027), 255 

though strongly correlated with end date (r = 0.826*), indicating redundancy.14 256 

 257 

Table 1.1. Pearson’s lower triangular correlation matrix of rainfall and temperature characteristics 258 

and coffee yield in Melka Balo District 2007-2024       259 

 Yield BMT KMT OS ED BRD KRD BRT KRT LGP 

Yield 1          

BMT -0.838 1         

KMT -0.801 0.753** 1        

OS -0.408 0.343 0.027 1       

ED 0.341 -0.339 -0.247 -0.276 1      

BRD 0.809** -0.663 -0.548* -0.514* 0.305 1     

KRD 0.461* -0.302 -0.598** 0.226 0.187 0.217 1    

BRT 0.736** -0.597 -0.425 -0.697** 0.342 0.884** 0.013 1   

KRT 0.660** -0.527 -0.794** 0.095 0.417 0.308 0.710** 0.182 1  

LGP 0.462* -0.425 -0.187 -0.743 0.849** 0.495* 0.006 0.622** 0.239 1 

**Correlation is significant at the 0.01 significant level; *Correlation is significant at the 0.05 significant 260 

level; BMT: Belg Mean Temperature; KMT: Kiremt Mean Temperature; OS: Onset of Rainy Season; ED: 261 

End Date of Rainy Season; BRD: Belg Rainy Day; KRD: Kiremt Rainy Day; KRFT: Kiremt Rainfall Total; 262 

BRFT: Belg Rainfall Total; LGP: Length of the Growing Period.  263 

 264 

Table 1.2. Pearson’s lower triangular correlation matrix of rainfall and temperature 265 

characteristics and coffee yield in Bedeno District  266 

 Yield BMT KMT OS ED BRD KRD BRFT KRFT LGP 

Yield 1          

BMT -0.805 1         

KMT -0.792 0.563* 1        

OS -0.405 0.205 0.347 1       

ED 0.032 0.159 -0.251 0.003 1      

BRD 0.604** -0.519 -0.375 -0.155 0.193 1     

KRD 0.684** -0.423 -0.76 -0.391 0.441 0.339 1    

BRFT 0.525* -0.665** -0.218 -0.07 0.079 0.692** 0.197 1   

KRFT 0.881** -0.735** -0.903 -0.349 0.242 0.465 0.813** 0.375 1  

LGP 0.136 0.104 -0.329 -0.37 0.775** 0.289 0.512* 0.001 0.299 1 
**Correlation is significant at the 0.01 significant level; *Correlation is significant at the 0.05 significant 267 

level; BMT: Belg Mean Temperature; KMT: Kiremt Mean Temperature; OS: Onset of Rainy Season; ED: 268 

End Date of Rainy Season; BRD: Belg Rainy Day; KRD: Kiremt Rainy Day; KRFT: Kiremt Rainfall 269 

Total; BRFT: Belg Rainfall Total; LGP: Length of the Growing Period  270 

 271 

Table 1.3. Pearson’s lower triangular correlation matrix of rainfall and temperature characteristics 272 

and coffee yield in Shenen Dugo District 2007-2025 273 

 Yield BMT KMT OS ED BRD KRD KRT BRT LGP 

 
14 Shenen Dugo’s weaker belg correlations may reflect localized rainfall variability or differences in soil 
water retention capacity. 
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Yield 1          

BMT -0.700 1                 

KMT -0.642 0.418 1               

OS -0.216 0.112 -0.213 1             

ED -0.147 -0.082 -0.013 0.454 1           

BRD 0.044 -0.255 0.468* -0.176 0.073 1         

KRD 0.508* -0.156 -0.556* -0.012 -0.268 -0.333 1       

KRT 0.635** -0.309 -0.876** 0.193 -0.009 -0.454 0.470* 1     

BRT 0.170 -0.539 0.365 -0.493 -0.217 0.564* -0.289 -0.425 1   

LGP -0.027 -0.163 0.121 -0.128 0.826** 0.193 -0.291 -0.132 0.07 1 
**Correlation is significant at the 0.01 significant level; *Correlation is significant at the 0.05 significant 274 

level; BMT: Belg Mean Temperature; KMT: Kiremt Mean Temperature; OS: Onset of Rainy Season; ED: 275 

End Date of Rainy Season; BRD: Belg Rainy Day; KRD: Kiremt Rainy Day; KRFT: Kiremt Rainfall Total; 276 

BRFT: Belg Rainfall Total; LGP: Length of the Growing Period 277 

 278 

3.2 Regression Analysis and Coefficients across Districts 279 

 280 

The multiple regression analyses confirmed that rainfall and temperature variables 281 

significantly influenced coffee yield in all three districts, though explanatory power varied. 282 

In Melka Belo (Table 2.1), the model was strongest, with R2=0.922 and adjusted 283 

R2=0.860, indicating that 92.2% of yield variation was explained by climatic parameters. 284 

The analysis of variance (ANOVA) revealed that the influence of climate variables on 285 

coffee yield was statistically significant (p=0.001), suggesting that rainfall and 286 

temperature characteristics are major determinant factors for coffee productivity in the 287 

district., and the standard error of the estimate was 1.14, suggesting a good fit. The end 288 

date of rain (ED) was excluded due to multicollinearity. 289 

 290 

In Bedeno (Table 2.2), the regression model explained 89.7% of yield variation (R2=0.897, 291 

adjusted R2=0.782). The analysis of variance (ANOVA) confirmed statistical significance 292 

(F = 7.774, p = 0.004), with a standard error of 1.41. Although robust, the model was 293 

weaker than Melka Belo’s was. In Shenen Dugo, the regression model explained 82.2% 294 

of yield variation (R2=0.822, adjusted R2=0.679) (Table 2.3). The analysis of variance 295 

(ANOVA) results were significant (F = 5.768, p = 0.006), with a standard error of 1.26. 296 

The model was moderately robust but weaker than those of Melka Balo and Bedeno, 297 

largely due to redundancy among rainfall variables. The end date of rain (ED) was 298 

removed from the regression model for this reason. 299 
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 300 

Table 2.1. Summary of regression values for rainfall and temperature characteristics 301 

and coffee yield (2007-2024) Melkabello district. 302 

Model Summary 

Model R R Square Adjusted R 

Square 

Std. Error of the 

Estimate 

1 0.960a 0.922 0.860 1.13968 
a. Predictors: (Constant), LGP, KRD, BMT, BRD, KRT, OS, KMT, BRT 303 

 304 

ANOVAa 

Model 

Sum of 

Squares df Mean Square F Sig. 

1 Regression 154.441 8 19.305 14.863 0.001b 

Residual 12.989 10 1.299   

Total 167.429 18    

a. Dependent Variable: Yield 

 305 

Table 2.2. Summary of regression values for rainfall and temperature characteristics and coffee 306 

yield 2007-2024 307 

 308 

Model Summary 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate 

1 0.947a 0.897 0.782 1.40978 

a. Predictors: (Constant), LGP, BRFT, OS, KMT, BRD, KRD, BMT, ED, KRFT 

 309 

 310 

ANOVAa 

Model 

Sum of 

Squares df Mean Square F Sig. 

1 Regression 139.065 9 15.452 7.774 0.004b 

Residual 15.900 8 1.987   

Total 154.965 17    

a. Dependent Variable: Yield 

 311 

Table 2.3. Summary of regression values for rainfall and temperature characteristics and coffee 312 

yield 2007-2024 in Shenen Dugo district. 313 

 314 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of the 

Estimate 
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1 0.907a 0.822 0.679 1.25602 

a. Predictors: (Constant), LGP, BRT, KMT, OS, KRD, BRD, KRT, BMT 

 315 

 316 

ANOVAa 

Model 

Sum of Squares 

df 

Mean 

Square F Sig. 

1 Regression 72.796 8 9.099 5.768 0.006b 

Residual 15.776 10 1.578   

Total 88.571 18    

a. Dependent Variable: Yield 

b. Predictors: (Constant), LGP, BRT, KMT, OS, KRD, BRD, KRT, BMT 

 317 

The regression coefficients further highlighted consistent patterns across districts. 318 

According to the estimated regression coefficients, Melka Balo district (Table 3.1) the 319 

variation in coffee yield (qt/ha) due to climatic variables as follow: Belg mean temperature 320 

(-1.335 qt/ha) had the strongest negative effect, reducing yield by ~1.34 qt/ha per unit 321 

increase, kiremt mean temperature (-0.191 qt/ha), onset date of rain (-0.019 qt/ha) 322 

reduced yield, whereas rainfall variables like belg rainy days (0.046 qt/ha),kiremt rainy 323 

days (0.031 qt/ha), belg rainfall total (0.005 qt/ha), kiremt rainfall total (0.010 qt/ha), length 324 

of growing period (-0.009 qt/ha).15 Thus, the regression equation can be expressed as: 325 

Yield = 30.190 -1.335X1 - 0.191X2-0.019X3 + 0.046X4 + 0.031X5 + 0.005X6 + 0.010X7 - 0.009X8         326 

(equation 2) 327 

 328 

In Bedeno (Table 3.2), Belg mean temperature (-1.049 qt/ha) and kiremt mean 329 

temperature (-0.817 qt/ha) both had strong negative effects, reducing yield significantly 330 

per unit increase. The onset date of rain (-0.019 qt/ha) also reduced productivity. Rainfall 331 

variables contributed positively: belg rainy days (0.087 qt/ha), kiremt rainy days (0.031 332 

qt/ha), and kiremt rainfall total (0.007 qt/ha) supported yield, while belg rainfall total (0.001 333 

qt/ha) had negligible impact. End date (-0.004 qt/ha) and length of growing period (-0.012 334 

qt/ha), reflecting redundancy rather than true negative effects.16 Thus, the regression 335 

equation expressed as: 336 

Yield=42.294−1.049X1−0.817X2−0.019X3+0.087X4+0.031X5+0.001X6+0.007X7−0.004X8−0.0337 

12X9       (equation 2) 338 

 
15 Belg temperature sensitivity is strongest in Melka Balo, confirming early‑season warming as a critical stressor.   
16 Bedeno’s yield is most supported by kiremt rainfall totals, highlighting main‑season rainfall reliability.   
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In Shenen Dugo (Table 3.3), Belg mean temperature (-1.682 qt/ha) had the strongest 339 

effect among all districts, reducing yield by ~1.68 qt/ha per unit increase. Kiremt mean 340 

temperature (-0.377 qt/ha) was also negative but statistically insignificant, while onset 341 

date of rain (-0.021 qt/ha) reduced yield. While other rainfall variables contributed 342 

positively: belg rainy days (0.052 qt/ha), kiremt rainy days (0.044 qt/ha), and kiremt rainfall 343 

total (0.009 qt/ha) supported productivity, though belg rainfall total (0.001 qt/ha) was 344 

negligible. Length of growing period (-0.001 qt/ha), though correlation analysis confirmed 345 

its supportive role independently.17 Thus, the regression equation expressed as: 346 

Yield=41.612−1.682X1−0.377X2−0.021X3+0.052X4+0.044X5+0.001X6+0.009X7−0.001X8              347 

(equation 2) 348 

 349 

Overall, regression results across the three districts reinforce that rising seasonal 350 

temperatures (both belg and kiremt) are the most damaging factors for coffee yield, while 351 

rainfall reliability (rainy days and totals) plays a crucial role in sustaining productivity. 352 

Negative coefficients for onset date highlight the importance of timely rainfall onset, while 353 

the slight negative signs for LGP reflect statistical redundancy rather than true agronomic 354 

effects. 355 

 356 

Table 3.1. Coefficients of regression analyses for the effect of rainfall and temperature 357 

characteristics on coffee yield 2007-2024  358 

Coefficientsa 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

(Constant) 30.190 21.421 - 1.409 0.189 

Belg Mean Temperature (BMT) -1.335 0.700 -0.311 -1.908 0.085 

Kiremt Mean Temperature (KMT) -0.191 1.072 -0.040 -0.178 0.862 

Onset date of rain (ODR) -0.019 0.017 -0.193 -1.126 0.286 

Belg rainy day (BRD) 0.046 0.043 0.236 1.063 0.313 

Kiremt rainy day (KRD) 0.031 0.047 0.090 0.659 0.525 

Belg rainfall total (BRFT) 0.005 0.006 0.227 0.902 0.388 

Kiremt rainfall total (KRFT) 0.010 0.006 0.343 1.792 0.103 

Length of growing period (LGP) -0.009 0.009 -0.162 -1.019 0.332 

 
17 Shenen Dugo shows the highest belg temperature sensitivity, suggesting localized vulnerability to warming during 

early growth stages. 
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a. Dependent Variable: Yield 359 

 360 

Table 3.2 Coefficients of regression analyses for the effect of rainfall and temperature 361 

characteristics on coffee yield 2007-2025 362 

Coefficientsa 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B 

Std. 

Error Beta 

(Constant) 42.294 53.488 - 0.791 0.452 

Belg Mean Temperature (BMT) -1.049 1.803 -0.168 -0.582 0.577 

Kiremt Mean Temperature (KMT) -0.817 1.283 -0.182 -0.637 0.542 

Onset date of rain (ODR) -0.019 0.020 -0.148 -0.971 0.360 

End date of rain (EDR) -0.004 0.019 -0.055 -0.229 0.825 

Belg rainy day (BRD) 0.087 0.065 0.246 1.344 0.216 

Kiremt rainy day (KRD) 0.031 0.048 0.147 0.631 0.546 

Belg rainfall total (BRFT) 0.001 0.006 0.032 0.145 0.888 

Kiremt rainfall total (KRFT) 0.007 0.008 0.359 0.811 0.441 

Length of growing period (LGP) -0.012 0.017 -0.170 -0.689 0.510 
a. Dependent Variable: Yield 363 

 364 

Table 3.3. Coefficients of regression analyses for the effect of rainfall and temperature 365 

characteristics on coffee yield 2007-2025  366 

Coefficientsa 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

(Constant) 41.612 36.986 - 1.125 0.287 

Belg Mean Temperature (BMT) -1.682 1.524 -0.351 -1.103 0.296 

Kiremt Mean Temperature (KMT) -0.377 1.346 -0.099 -0.280 0.785 

Onset date of rain (ODR) -0.021 0.017 -0.221 -1.230 0.247 

Belg rainy day (BRD) 0.052 0.039 0.243 1.323 0.215 

Kiremt rainy day (KRD) 0.044 0.031 0.258 1.422 0.185 

Kiremt rainfall total (KRT) 0.009 0.006 0.494 1.663 0.127 

Belg rainfall total (BRT) 0.001 0.007 0.056 0.165 0.872 

Length of growing period (LGP) -0.001 0.010 -0.011 -0.067 0.948 

a. Dependent Variable: Yield 367 

 368 

3.3. Projected Climate Trends and Future Coffee Yield 369 

 370 

Projection analyses indicated a steady decline in coffee productivity across the study 371 

areas from 2026 to 2055, driven primarily by rising seasonal temperatures, later onset of 372 
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rainfall, shortened growing periods, and reduced rainy days. In Melka Belo, mean annual 373 

temperature is projected to rise from 21.25 °C to 22.14 °C, while annual rainfall declines 374 

from 980 mm to 706 mm (2026–2055). Belg rainfall decreases sharply from 493 mm to 375 

220 mm (~9 mm per year, ~90 mm per decade), though with mid-term fluctuations (e.g., 376 

621 mm in 2037, 837 mm in 2044, and lows of 145 mm in 2045) (Table 4.1). Kiremt rainfall 377 

totals remain relatively stable but highly variable, with peaks of 854 mm in 2047 and lows 378 

of 368 mm in 2051.18 The onset of belg rainfall is projected to be delayed, increasing from 379 

102 days in 2026 to 138 days in 2055 (~1.2 days per year, ~12 days per decade). The 380 

end date shifts earlier by ~2 days per decade, shortening the effective rainy season. 381 

Consequently, the length of the growing period decreases from 208 days in 2026 to 111 382 

days in 2055 (~3 days per year, ~30 days per decade).19 383 

 384 

Projected belg mean temperature rises from 21.82 °C in 2026 to 22.96 °C in 2055 385 

(+1.14 °C over 30 years, ~0.038 °C per year, ~0.38 °C per decade). Kiremt mean 386 

temperature rises from 20.69 °C to 21.33 °C (+0.64 °C, ~0.021 °C per year, ~0.21 °C per 387 

decade). Mean annual temperature increases steadily by ~0.02–0.03 °C per year (~0.2–388 

0.3 °C per decade).20 As a result, coffee yield in Melka Balo is projected to decline 389 

steadily. Reductions are modest in the early decades (4.75 qt/ha in 2026), but intensify 390 

toward mid-century, falling to 1.86 qt/ha in 2055 (~0.096 qt/ha per year) (Table 4.1). This 391 

confirms that climate variability and warming trends pose a significant threat to coffee 392 

production in the district.21 393 

 394 

Bedeno district (Table 4.2): mean annual temperature 19.9-20.9 °C and rainfall 741.01-395 

1002mm projected from 2026-2055.The result of projected belg and annual rainfall totals 396 

in Bedeno district indicated a slight but unstable decline. Belg rainfall decreases from 493 397 

 
18 Annual rainfall decline is driven mainly by belg season reductions, underscoring the vulnerability of 

early‑season water supply. 
19 Delayed onset and earlier cessation shorten the growing period, reducing the window for coffee 

flowering and bean development. 
20 Temperature increases, though modest annually, accumulate to significant stress levels over decades, 

particularly during Belg.   
21 Yield decline projections highlight the combined effect of rainfall timing and temperature rise, 

reinforcing the need for adaptation strategies. 



18 

 

mm in 2026 to 200 mm in 2055, equivalent to ~9.8 mm per year (~98 mm per decade), 398 

though with sharp fluctuations (e.g., 510 mm in 2037, 832 mm in 2034, and lows of 103 399 

mm in 2044). Kiremt rainfall totals remain highly variable, ranging from 183 mm in 2046 400 

to 833 mm in 2034, a swing of nearly 650 mm, but the long-term trend is slightly downward 401 

(~5 mm per year). Consequently, annual rainfall totals decrease from 802 mm in 2026 to 402 

558 mm in 2055, a reduction of ~4.8 mm per year (~48 mm per decade).Similarly, the 403 

onset of belg rainfall is projected to be delayed, increasing from 76 days in 2026 to 100 404 

days in 2055, i.e. ~0.8 days per year (~8 days per decade). The end date of rainfall 405 

fluctuates between 246 days (most years) and 355 days (2046), showing instability in 406 

seasonal timing. However, the end date of rainfall shifts earlier by ~ 3.4 days per year. 407 

Consequently, the length of the growing period decreases sharply, from 259 days in 2026 408 

to 50 days in 2055, a reduction of ~6 days per year (~60 days per decade).  409 

 410 

Projected belg mean temperature rises from 20.46 °C in 2026 to 21.62 °C in 2055, an 411 

increase of +1.16 °C over 30 years, equivalent to ~0.039 °C per year (~0.39 °C per 412 

decade). Kiremt mean temperature rises from 19.30 °C in 2026 to 20.28 °C in 2055, an 413 

increase of +0.98 °C, or ~0.032 °C per year (~0.44 °C per decade) and annual 0.03  °C 414 

per year (Table 4.1). In the future, due to the combined impacts of rising temperatures, 415 

and variability in rainfall, coffee yield in Bedeno is projected to decline steadily. Yield 416 

reductions are modest in the early decades (6.27 qt/ha in 2026) (Table 4.2), but intensify 417 

toward mid-century, with productivity falling to 2.37 qt/ha in 2055, despite occasional 418 

spikes (e.g., 13.02 qt/ha in 2034, 8.80 qt/ha in 2042). This confirms that climate variability 419 

and warming trends pose a significant threat to coffee production in the district. 420 

 421 

In Shenen Dugo (Table 4.3): mean annual temperature is projected to rise from 20.64-422 

21.61 °C and while annual rainfall declines from 835 mm in 2026 to 698 mm in 2055. Belg 423 

rainfall decreases from 366 mm to 255 mm (~3.7 mm per year, ~37 mm per decade), 424 

though with sharp fluctuations (e.g., 461 mm in 2032, 565 mm in 2049, and lows of 142 425 

mm in 2037). Kiremt rainfall totals also decline slightly, from 469 mm in 2026 to 442 mm 426 

in 2055 (~0.9 mm per year, ~9 mm per decade), but variability is high, with peaks of 821 427 

mm in 2052 and lows of 172 mm in 2031. Consequently, annual rainfall totals decrease 428 
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from 835 mm to 698 mm, a reduction of ~4.6 mm per year (~46 mm per decade). Similarly, 429 

the onset of belg rainfall is projected to be delayed, increasing from 111 days in 2026 to 430 

130 days in 2055, i.e. ~0.7 days per year (~6–7 days per decade). The end date of rainfall 431 

fluctuates between 249 days (most years) and 360 days (2043), showing instability in 432 

seasonal timing. However, shifts earlier by ~3.7 days per year. Consequently, the length 433 

of the growing period decreases from 138 days in 2026 to 119 days in 2055, a reduction 434 

of ~0.65 days per year (~6–7 days per decade). 435 

 436 

Projected belg mean temperature rises from 21.20 °C in 2026 to 22.26 °C in 2055, an 437 

increase of +1.06 °C over 30 years, equivalent to ~0.035 °C per year (~0.35 °C per 438 

decade). Kiremt mean temperature rises from 20.08 °C in 2026 to 20.96 °C in 2055, an 439 

increase of +0.88 °C, or ~0.029 °C per year (~0.29 °C per decade) an increase of 0.032 °C 440 

per year for annual temperature show significant upward trends. In the future, due to the 441 

combined impacts of rising belg and kiremt mean temperatures, delayed onset of rainfall, 442 

shortened growing periods, and declining rainfall totals, coffee yield in Shenen Dugo is 443 

projected to decline steadily. Yield reductions are modest in the early decades (5.69 qt/ha 444 

in 2026), but intensify toward mid-century, with productivity falling to 2.63 qt/ha in 2055, 445 

despite occasional spikes (e.g., 7.09 qt/ha in 2032, 10.98 qt/ha in 2052). This confirms 446 

that climate variability and warming trends pose a significant threat to coffee production 447 

in the district. 448 

 449 

Table 4.1. The predicted coffee yield based on projected rainfall and temperature characteristics  450 

year   X1 X2 X3 X4 X5 X6 X7 X8 Yield (qt/ha) 

2030 22.12 22.05 99 38 46 646.7 367.92 189 3.25 

2035 22.32 22.37 99 39 46 644.9 362.84 190 2.90 

2040 22.38 22.46 101 38 48 648.3 359.02 184 2.81 

2045 22.41 22.52 107 36 50 646.5 356.95 187 2.56 

2050 23.01 23.07 108 35 51 638.8 366.31 170 1.82 

2055 23.12 23.15 108 35 50 638.5 344.51 170 1.41 
 X1: Belg Mean Temperature; X2: Kiremt Mean Temperature; X3: Onset of Rainy Season; X4: Belg 451 

Rainy Day; X5: Kiremt Rainy Day; X6: Kiremt Rainfall Total; X7: Belg Rainfall Total; X8: Length of 452 

the Growing Period 453 

 454 

Table 4.2. The predicted coffee yield based on projected rainfall and temperature characteristics 455 

at the study area  456 
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Year  X1 X2 X3 X4 X5 X6 X7 X8  X9 Yield (qt/ha) 

2030 22.57 22.64 96 288 35 43 625.1 348.9  192 3.60 

2035 22.85 22.92 95 293 35 42 618.1 344.5  199 2.92 

2040 22.98 22.97 99 292 36 42 620.3 344.3  193 2.84 

2045 22.94 23.47 99 286 32 45 614.3 342.7  187 2.27 

2050 23.43 23.61 101 284 32 47 610.6 332.0  183 1.69 

2055 23.56 23.65 100 286 32 47 610.4 330.5  186 1.49 
X1: Belg Mean Temperature; X2: Kiremt Mean Temperature; X3: Onset of Rainy Season; X4: End Date 457 

of Rainy Season; X5: Belg Rainy Day; X6: Kiremt Rainy Day; X7: Kiremt Rainfall Total; X8: Belg Rainfall 458 

Total; X9: Length of the Growing Period 459 

 460 

Table 4.3. The predicted coffee yield based on projected rainfall and temperature characteristics 461 

at the study area  462 

Year X1 X2 X3 X4 X5 X6 X7 X8 YLD (qt/ha) 

2030 22.17 22.32 98 34 42 616.6 324 199 3.40 

2035 22.46 22.54 99 35 42 614.2 324 195 2.84 

2040 22.54 22.57 102 34 46 616.4 326 186 2.78 

2045 22.61 22.72 106 32 45 618.3 324.4 181 2.40 

2050 23.02 23.03 109 32 46 615.4 320.5 180 1.54 

2055 23.06 23.26 109 32 46 606.2 318.4 178 1.30 
X1: Belg Mean Temperature; X2: Kiremt Mean Temperature; X3: Onset of Rainy Season; X4: Belg 463 

Rainy Day; X5: Kiremt Rainy Day; X6: Kiremt Rainfall Total; X7: Belg Rainfall Total; X8: Length of 464 

the Growing Period 465 

 466 

4. Discussion 467 

 468 

4.1 Climatic Determinants of Coffee Yield 469 

 470 

Rainfall reliability measured through rainy days and seasonal totals consistently 471 

supported coffee yield across Melka Balo, Bedeno, and Shenen Dugo. Rising belg and 472 

kiremt mean temperatures showed strong negative correlations, confirming warming as 473 

the dominant stressor. These findings align with earlier studies [39, 40], which emphasized 474 

rainfall’s supportive role and drought as a major limitation. 475 

 476 

Regression models confirmed the significant influence of climate variables, strongest in 477 

Melka Balo (R² = 0.922), moderate in Bedeno (R² = 0.897), and weaker in Shenen Dugo 478 

(R² = 0.822). The lower adjusted values in Shenen Dugo highlight multicollinearity 479 

challenges, particularly between rainfall end date and length of growing period [41]. 480 

Negative coefficients for belg and kiremt mean temperatures were consistent across 481 

districts, while rainfall totals and rainy days contributed positively. These results echo 482 
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broader Ethiopian studies [42–44], which emphasized rainfall timing, growing period 483 

length, and bimodal rainfall systems shaping planting cycles. Globally, Arabica’s narrow 484 

climatic tolerance has been confirmed, with warming trends exerting profoundly negative 485 

influences [45, 46]. 486 

 487 

4.2 Rainfall Patterns and Seasonal Timing 488 

 489 

Rainfall onset and cessation are critical for coffee flowering and maturation. Belg onset 490 

has been delayed by ~0.2–0.3 days per year, consistent with findings in Habro [42] and 491 

in Jimma and Sidama [20]. Such delays reduce synchronization between rainfall and 492 

coffee phenology, leading to poor flowering and lower yields. Delayed onset, which can 493 

shorten the growing period for coffee [47, 48]. End date variability, though less influential, 494 

shortens maturation; in Shenen Dugo, early cessation has been linked to reduced bean 495 

size [19]. Early cessation can lead to water stress during the latter stages of coffee 496 

development, affecting bean quality and yield [47]. The variability in rainfall onset and 497 

cessation can disrupt the phenological stages of coffee, leading to reduced yields and 498 

quality. This is particularly concerning as coffee plants require consistent water supply 499 

during flowering and fruit development stages [17, 18]. 500 

 501 

Belg rainy days emerged as the most reliable predictor of yield, with strong positive 502 

correlations (r ~0.53–0.81). This finding is consistent with [49], who noted that frequency 503 

of rainfall events matters more than totals for coffee physiology, as evenly distributed 504 

rains sustain soil moisture and reduce stress. Kiremt rainy days were moderately positive 505 

but less influential, as excess wetness during kiremt can increase disease incidence, 506 

particularly coffee leaf rust [14]. The trend toward fewer rainy days but heavier events 507 

reflects broader East African climate patterns, increasing risks of both drought stress and 508 

disease outbreaks. A decreasing trend in rainfall has been noted, which, coupled with 509 

temperature increases, has negatively affected coffee production [50]. 510 

 511 

Regional studies further illustrate variability. [51] Reported that increased belg rainy days 512 

enhanced productivity in Abaya and Gelana, whereas excessive kiremt rainy days often 513 

led to disease proliferation. Broader reviews [52] confirmed that rainfall variability; 514 
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including rainy day frequency is a central stressor threatening Ethiopia’s coffee sector. 515 

Adaptive strategies such as rainwater harvesting and planting cycle adjustments are 516 

therefore essential to buffer against rainfall irregularity [53]. 517 

 518 

International evidence reinforces these findings: studies in Mexico, Tanzania, and Brazil 519 

all showed that rainfall timing and frequency strongly influence yield and quality [54, 55, 520 

56]. Arabica’s minimum rainfall requirement of 150 mm has been emphasized [57], while 521 

onset/cessation and rainy day frequency have been confirmed as key predictors of 522 

productivity in India and Vietnam [58, 59, 60]. 523 

 524 

4.3 Temperature Variability and Growing Periods 525 

 526 

Belg mean temperature was the most influential variable across districts (Melka Balo: –527 

1.335 qt/ha; Bedeno: –1.049 qt/ha; Shenen Dugo: –1.682 qt/ha). Rising belg and kiremt 528 

temperatures accelerated crop development, shortening the length of growing period 529 

(LGP) by ~0.7 days per year. This aligns with national projections of 15–20 day reductions 530 

by mid-century [61] and supports earlier findings [15], which emphasized Arabica’s 531 

narrow climatic tolerance. Consistent with [12], coffee Arabica’s optimum range (19–532 

22 °C) was highlighted. Year-to-year increases (~0.03–0.04 °C) compound stress, 533 

particularly during flowering, leading to reduced fruit set. Kiremt warming also negatively 534 

affected yield, though slightly less severe, as cooler kiremt conditions partially buffered 535 

the impact. Global syntheses confirm that incremental warming across both belg and 536 

kiremt seasons will progressively erode Arabica suitability in Ethiopia [62]. 537 

 538 

Broader Ethiopian studies confirm these trends: continued rises in mean annual 539 

temperatures [63], increases in maximum and minimum temperatures compressing the 540 

diurnal range [64], and rising temperatures during critical growth periods adversely 541 

affecting yield and quality [43,65]. Spatiotemporal analyses further highlight localized 542 

variability, showing that temperature trends are not uniform but vary with land use and 543 

regional dynamics [66, 67]. 544 

 545 
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Agronomic practices can partly mitigate these effects. For example, topping and vertical 546 

number management influenced growth and yield [68], while optimizing population 547 

density and pruning enhanced productivity [69]. These interventions suggest that 548 

management practices can extend or stabilize effective LGP, counteracting climatic 549 

constraints. 550 

 551 

Globally, warm nights combined with rainfall events were found to influence flowering and 552 

ripening in Tanzania [70], while Robusta coffee yield sensitivity to altered flowering times 553 

under climate stress was demonstrated [71]. These parallels reinforce coffee Arabica’s 554 

vulnerability to warming trends, where even modest increases in mean temperature can 555 

significantly reduce productivity. 556 

 557 

4.4 Projected Climate Trends and Future Coffee Productivity 558 

 559 

Across the study districts, climate projections reveal a marked reduction in the growing 560 

period from approximately 259 days to as few as 150 days in lowland areas. These 561 

shortened cycles reduce the time available for fruit maturation, leading to lower yields and 562 

compromised bean quality. Such contractions confirm that climate variability will not only 563 

reduce productivity but also destabilize the reliability of coffee harvests. These findings 564 

are consistent with earlier studies [72,19], which reported shrinking Arabica suitability in 565 

East Africa and emphasized that deviation from normal kiremt rainfall increases 566 

vulnerability among rain-fed farmers. The erratic rainfall patterns documented in the Kafa 567 

Zone mirror the instability observed in Bedeno and Shenen Dugo, reinforcing the broader 568 

trend of climatic unpredictability [64]. 569 

 570 

At the national scale, projected coffee productivity in Ethiopia is significantly shaped by 571 

ongoing and future climate change, with multiple studies highlighting both challenges and 572 

opportunities. Climatic conditions critically affect coffee suitability, with warmer conditions 573 

altering exposure to climate stresses and reducing yields [12]. Rainfall and temperature 574 

variability analyses in Habro district found that declining rainfall and shortened growing 575 

periods directly reduce productivity, with weakening kiremt rainfall underscoring 576 



24 

 

vulnerability [42]. Broader projections emphasize that climate trends could further 577 

diminish productivity, particularly in regions with ideal agroecological conditions [52], 578 

while persistent productivity gaps between potential and actual yields have been 579 

documented [73]. Together, these findings highlight the urgency of adaptation strategies 580 

to counteract climate-related declines and close Ethiopia’s long-standing yield gap. 581 

 582 

Modeling studies provide further insight into spatial shifts. Future scenarios could alter 583 

the distribution of suitable coffee growing areas in Jimma Zone [61], while projections of 584 

temperature increases of 2.6–4.8 °C across East Africa threaten both yield quantity and 585 

quality [72]. Climate analogue mapping similarly indicated that future conditions may shift 586 

optimal production zones, necessitating breeding programs for resilience and 587 

climate-smart agronomy [75]. Emerging evidence also points to potential opportunities: 588 

projected changes in bioclimatic suitability could enhance productivity in certain regions 589 

if adaptation measures are implemented [76]. Likewise, specialty coffee cultivation under 590 

changing climates may expand or shift, creating new market opportunities [15]. Similar 591 

projections reinforce Ethiopia’s vulnerability, as Arabica’s narrow climatic tolerance has 592 

long been emphasized [45], while even modest shifts in rainfall and temperature regimes 593 

could destabilize coffee systems [71]. These parallels highlight that Ethiopia’s challenges 594 

are part of a wider global crisis in Arabica coffee production. 595 

 596 

Given the projected decline in productivity, adaptation strategies are essential. Agronomic 597 

practices such as pruning, shade management, mulching, and soil moisture conservation 598 

can help buffer against climatic stress, combined with rainwater harvesting [53], use of 599 

drought-tolerant varieties, and intercropping with shade trees — all critical to sustain 600 

yields. 601 

 602 

5. Adaptation Pathways and Policy Relevance 603 

 604 

Projected declines in coffee productivity under rising seasonal temperatures and variable 605 

rainfall underscore the urgency of adaptation. In East and West Hararghe, coffee 606 

management practices such as pruning, mulching, and composting have declined due to 607 

the expansion of khat (Catha edulis FRSK), which requires less management and 608 
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provides short-cycle income. This shift highlights the need to re-invest in coffee 609 

adaptation strategies to sustain productivity and livelihoods.22 610 

Recommended measures 611 

• Expanding coffee production to higher altitudes where cooler conditions buffer 612 

against warming23 613 

• Growing suitable shade trees to reduce heat stress and diversify income 614 

• Strengthening farmer knowledge through participatory training and extension 615 

support 616 

• Rainwater harvesting and improved water management 617 

• Introduction of drought and high-temperature-tolerant coffee varieties 618 

• Implementing soil and water conservation practices 619 

Policy relevance 620 

Policy interventions are essential to sustain Ethiopia’s coffee sector, particularly in 621 

vulnerable areas such as East and West Hararghe where rainfall variability and warming 622 

trends are most pronounced. Strengthening extension services, promoting climate-smart 623 

agriculture programs, and supporting farmer training and institutional capacity will be 624 

critical to safeguard livelihoods and maintain Ethiopia’s export potential.24 625 

 626 

6. Conclusion 627 

 628 

This study provides robust evidence that rainfall reliability is a key driver of coffee yield in 629 

eastern Ethiopia, while rising belg and kiremt temperatures consistently undermine 630 

productivity. Correlation and regression analyses confirmed that delayed rainfall onset, 631 

shortened growing periods, and warming trends exert significant negative effects, 632 

whereas reliable rainy days and seasonal rainfall totals enhance yield. Future projections 633 

(2026–2055) indicate declining belg rainfall totals (~3.7–9.8 mm per year), modest 634 

reductions in kiremt rainfall (~0.5–9 mm per year), delayed onset (0.7–1.2 days per year), 635 

earlier cessation (2–4 days per year), and shortened growing periods (~0.7–6 days per 636 

 
22 The expansion of khat reflects short‑term income priorities but undermines long‑term resilience of coffee systems. 
23Altitude migration is a proven adaptation pathway, as cooler microclimates mitigate heat stress on Arabica coffee. 
24Policy support ensures adaptation measures are scaled, institutionalized, and aligned with Ethiopia’s 
export strategy. 
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year). Mean temperatures are expected to rise steadily (0.02–0.04 °C per year), leading 637 

to an average productivity decline of ~0.09–0.10 qt/ha annually. The importance of these 638 

findings lies in their direct relevance to Ethiopia’s coffee sector, which underpins rural 639 

livelihoods and national export earnings. By quantifying the sensitivity of Arabica yield to 640 

rainfall and temperature variability, this study highlights the vulnerability of Ethiopia’s 641 

globally prized coffee to climate change. The relevance to the field is twofold. First, it 642 

demonstrates how localized climate analyses can reveal district-specific risks, 643 

emphasizing the need for site-specific adaptation strategies. Second, it underscores the 644 

broader implications for climate–agriculture research: rising temperatures and shifting 645 

rainfall regimes threaten staple export crops, with cascading effects on food security, 646 

income stability, and global supply chains. Therefore, anticipatory adaptation measures 647 

including climate-resilient agronomic practices, improved water management, and high 648 

temperature-tolerant coffee varieties are urgently needed. At the policy level, integrated 649 

climate strategies, strengthened extension services, and investment in institutional 650 

capacity will be essential to safeguard livelihoods, stabilize production, and sustain 651 

Ethiopia’s competitiveness in Arabica coffee under changing climatic conditions. 652 
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