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Abstract 11 

 12 

This study was conducted in Fedis district, to assess the impacts of climate change on sorghum (Sorghum 13 

bicolor L.) yield. The CERES-sorghum and APSIM-sorghum models were calibrated and validated using 14 

field experimental data of anthesis days, days to maturity and grain yield of two sorghum varieties, Melkam 15 

and Teshale. In the simulation, the initial climate data were modified by future climates under the medium 16 

(SSP2-4.5) and high (SSP5-8.5) emission scenarios. Historical climate data was sourced from the National 17 

Meteorological Institute of Ethiopia, alongside crop yield data and soil samples from the Oromia 18 

Agricultural Research Institute site in Fedis. For future projections, data from five GCMs using CMIP6 19 

under SSP2-4.5 and SSP5-8.5 scenarios were used, and the Empirical Quantile Mapping approach for 20 

downscaling and bias correction. Different sowing windows and planting densities were evaluated for their 21 

effectiveness to increase sorghum yield under the future climate conditions of Fedis district. The results of 22 

models’ calibration and validation showed high agreement between simulated and observed grain yields, 23 

with d-stat values >0.66 for CERES-sorghum and APSIM-sorghum, and the normalized RMSE less than 24 

20%. However, all the models underestimated the yield. Statistical indices indicated that DSSAT-CERES 25 

and APSIM models accurately simulated sorghum yield in Fedis. The result of impact assessment showed 26 

that sorghum grain yield may increase at the range of 20.1 to 44.4% by 2030s and 2050s under both SSPs 27 

scenarios. Additionally, the result of adaptation options showed that sorghum yield may be increased 28 

through early planting date and increased plants density. In conclusion, future climate projections are 29 

expected to increase sorghum yield in Fedis and adaptations strategies including planting date and planting 30 

density can be used for better yields. 31 

Key words: APSIM, Adaptive Strategies, Climate change Scenarios, CMIP6, DSSAT, Simulation. 32 
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1. Introduction 41 

Recent studies demonstrated that greenhouse gas emissions constitute the major cause of climate 42 

change, which is expected to raise the average world temperature from 2.5℃ to 4.5℃  by the year 43 

2100 (Farooq et al., 2023; Recha et al., 2017). At continental and regional levels, the consequences 44 

of these climate conditions are multidimensional and comprise agricultural yield reduction, food 45 

insecurity, water scarcity, biodiversity losses, increasing in pest and diseases outbreak, and soil 46 

degradation (Tarekegn et al., 2023). Africa has been identified as one of the parts of the world most 47 

vulnerable to the impacts of climate change. According to Serdeczyn et al. (2017) climate was 48 

projected to a warming trend in Sub-Saharan Africa (+4oC the end of century), particularly in 49 

southern and East Africa; with frequent occurrence of extreme heat events, increasing aridity; and 50 

changes in rainfall patterns. In a context of population growth, climate change is expected to affect 51 

food security of many African countries since Africa is far from self-sufficient in agricultural 52 

production and this situation is projected to worsen in the future (Hall et al., 2017, Van and Zwart, 53 

2018). 54 

Ethiopia is one of the African countries highly affected by the changes in climate patterns (Bekuma 55 

et al., 2022). In Ethiopia, researches have proven that the temperature is increasing by 0.4 and 56 

0.3oC per decade in the lowland and midland areas of the country, respectively (Belay et al., 2021; 57 

Etana et al., 2020), with high rainfall variability in different regions due to rapid topography 58 

changes (Dubache et al., 2019; Gleixner et al., 2017; Shawul and Chakma, 2020). A study 59 

conducted in the Eastern part of the country, especially in East Hararghe zone, showed an irregular 60 

precipitation pattern in both kiremt (JJAS) and belg (MAM) seasons with a 29-48% precipitation 61 

concentration index (Girma, 2023). Additionally, East Hararghe zone is frequently impacted by 62 

extreme droughts and dry spell events. Serur and Kebira (2025) projected a significant increase in 63 

drought occurrences in this zone at the rate of -0.003 based on the standardized precipitation index 64 

at a 6-months timescale (SPI_6). 65 

In Ethiopia, subsistence rain-fed crop production constitute the core of the economy on which 66 

livelihood is fully dependent (Mohammed and Misganaw, 2022). This agricultural system employs 67 

approximately 85% of the population and accounts for almost 45% of gross domestic product 68 

(GDP) and 60% of foreign exchange (Sime and Demissie, 2022; Teferi et al., 2025). Despite its 69 

significant contribution to the economy, the rainfall-based agriculture combined to traditional 70 

farming practices and climate change put at risk the country’s food security (Gezie, 2019). 71 

Research demonstrated that the changing precipitation pattern and the warming trends could make 72 

rain-fed agriculture riskier and barrier for food production in Ethiopia (Tolossa et al., 2023; Asfew 73 

and Bedemo, 2022;  Degife et al., (2021). 74 

Cereal crops are negatively affected by the change in climate worldwide and yet they constitute 75 

the most source of dietary energy (Wang et al., 2018). In Sub-Sahara region, cereals provide 50% 76 

of daily calorie intake (Alimagham et al., 2024). Ethiopia is among the countries where cereals are 77 

the primary source of food (Mann et al., 2019; Yen et al., 2023). In 2021, the Ethiopia Central 78 

Statistical Agency reported that from the total grain crops area, 81.19% of hectares of land were 79 
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covered by cereals, with a production contribution of 88.36% of the total grain in the country, 80 

which is substantially higher than the proportion of other crops such as pulses (12.9%) and oilseeds 81 

(5.9%). Although cereal production accounts for more than 87% of total crop production in 82 

Ethiopia, the country is importing a large number of cereal crops to regulate the demand and supply 83 

in the domestic market (Asfew and Bedemo, 2022). Savary et al., (2025) revealed that corn yields 84 

decreased from 45.6 quintals per hectare in 2011 to 32 quintals in 2021, and wheat yields dropped 85 

from 33 quintals per hectare in 2011 to 29 quintals in 2021 due to climate change. 86 

Sorghum (Sorghum bicolor L.) is among the major cereal crops that supply the bulk of the staples 87 

for the global population, in general and particularly the Ethiopian population (Gebresamuel et al., 88 

2022). It is the second most important cereal crop after maize in Sub-Sahara, supporting almost 89 

300 million people (Amelework et al., 2016), and the third most important cereal crop behind teff 90 

and maize in Ethiopia (Temesgen and Hailu, 2021). About 1.83 million hectares are used to grow 91 

sorghum in the country, which produce 4.34 million tons a year (Anega, 2024). In demanding 92 

conditions, sorghum may be able to withstand the consequences of a water shortage (Worede et 93 

al., 2020). The crop can also produce reasonable yield in poor soils owing to its nutrient uptake 94 

capacity (Tirfessa et al., 2023). Despite being a major food crop in many of Ethiopia's semi-arid 95 

regions, sorghum yield is still below the expected level because of abiotic and biotic factors. 96 

Climate change is constitute the major factor which reduces sorghum production in (Mohammed 97 

and Misganaw, 2022). 98 

In East Hararghe, a semi-arid zone located in the Eastern part of Ethiopia, sorghum constitutes one 99 

of the most dependable food crops. Due to a climate categorized by inconsistent rainfall and 100 

drought, edaphic and biotic factors in this region ; sorghum productivity is less than 2.18 101 

tons/hectare, which is below its genetic potential (4.54 tons/hectare) (FAOSTAT, 2017; Degebasa 102 

et al., 2022). Although the negative impact of climate change on sorghum production, its tolerance 103 

to environmental stress makes it highly suitable for semi-arid zones like East Hararghe (Deb et al., 104 

2004 cited by Tolosa et al., 2023). 105 

Research has been carried out to investigate the impact of climate change on sorghum production 106 

in the semi-arid zones of Ethiopia. For instance, Gardi et al., (2025) reported that sorghum presents 107 

high differential and location-specific yield responses across varieties under projected climate in 108 

the semi-arid environment of Ethiopia. A study conducted in the semi-arid areas of Amhara region 109 

by Mohammed and Misganaw (2022), using CERES-sorghum in the DSSAT model to assess the 110 

impact of climate change on sorghum yield, revealed that the grain yield may decrease by 2030s 111 

and 2050s under RCP4.5 and RCP8.5 scenarios. In Babile district, a district located in East 112 

Hararghe, Tolossa et al., (2024) realized an increasing in drought frequency and severity 113 

occurrences in both near, mid and end of the 21st century under RCP4.5 scenario and reported that 114 

this situation would have a negative impact on sorghum productivity in the district. However, there 115 

is limited information on the impacts of climate change on sorghum production and productivity 116 

in Fedis district, East Hararghe zone. 117 
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This study investigated how different climate change scenarios affect sorghum yield in Fedis 118 

district, filling critical gap in localized impact evaluations. By integrating site-specific climate and 119 

crop response data within the crop simulation models, the timing and magnitude of sorghum 120 

productivity in this semi-arid zone were assessed. Therefore, the overall objective of this research 121 

was to simulate the impact of climate change on sorghum yield in Fedis district, East Hararghe, 122 

Ethiopia. The more specific objective of the study was: 1) to calibrate and validate APSIM-123 

sorghum and DSSAT CERES-sorghum for sorghum yield simulation in the climate conditions of 124 

Fedis. 2) to predict the impact of projected climate change on sorghum yield in the district. 3) to 125 

evaluate the effectiveness of change in sowing date and planting density as adaptation strategies 126 

for sustainable sorghum production in the study area. 127 

2. Materials and Methods 128 

2.1. Description of the study area 129 

Fedis district is located at 550 km East of Addis Ababa and about 24 km from Harar town in the 130 

southern direction, eastern Ethiopia. The district spans 80 30’ 0” and 90 14’ 0” N and 410 50’ 0” 131 

and 420 18’ 0” E (Figure 1). The altitude of the district varies from1200 m to 2118 m and the 132 

topographic feature is 70% plain area, 28% plateau and 2% mountain or hill. According to Asefa 133 

et al. (2021), the district’s mean annual maximum and minimum rainfall, mean annual maximum 134 

and minimum temperature are 673.44mm, 26.13°C, and 13.2°C, respectively. Fedis has a two-135 

mode rainfall distribution pattern with first rainy season rains from March to May with erratic 136 

seasonal rainfall, while Jun to September is second rainfall season. The land use and land cover of 137 

the district is constituted by 21.02% of cropland, 2.80% covered by pasture, 11.2% of forest, 138 

38.01% of grassland, 10.5% for communal land, and the remaining 14.04% covered by mountains, 139 

valley and otherwise unusable. Agriculture is the substantial source of livelihood of the community 140 

in Fedis district (Aweke et al., 2020). However, its productivity is law due to the rain-fed system. 141 

In addition, the farming system is subsistence type dominated by smallholder farmers (Zeleke et 142 

al., 2021). 143 

 144 

Figure 1. Map of the study area 145 
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2.2. Description of the crop models 146 

APSIM crop model 147 

The Agricultural Production System Simulator (APSIM) is a farming system model developed by 148 

the Agricultural Production Systems Research Unit (APSRU) to assess risk management in 149 

agricultural production (Feleke et al., 2021). It consists of modules categorized as crop, 150 

management, soil, and environment, and communicates via an APSIM engine. The model 151 

simulates over 20 crops including sorghum, soil characteristics, and management options, using 152 

input data like climate, soil, and crop data (Chisanga et al., 2021; Richetti et al., 2024). APSIM 153 

has been used to simulate cereal production, especially sorghum production in relation to climate 154 

variability and change across many areas. APSIM modelers mostly aimed to predict crop 155 

phenology, alteration in the photosynthesis process, biomass, yield gap and/or losses, grain filling 156 

and nutrients (Berghuijs et al., 2021; Chekole et al., 2024; Winn et al., 2023). 157 

The outcomes of the simulations were enhanced by APSIM's modifications and adaptations to the 158 

current environment (Gavasso-Rita et al., 2024). Researchers discovered an underestimation in the 159 

APSIM results in 2012. According to Lobell et al., (2012) this is due to the model's triangular 160 

approach to the thermal period, which took 26°C as the peak value and showed values above 34°C 161 

for a significant portion of the season. However, they asserted that APSIM was unique due to its 162 

particular technique for estimating senescence speed in extremely hot environments. 163 

DSSAT and CERES‑sorghum model 164 

The Decision Support System for Agrotechnology Transfer (DSSAT) is a crop simulation platform 165 

that uses inputs and outputs to run various models (Liu et al., 2011). It includes crop-soil-weather 166 

models, uncertainty and economic models, and support software. DSSAT allows users to adapt and 167 

evaluate models for their conditions, provide insights into production, profitability, and stability, 168 

and understand field interactions (Shawon et al., 2025; Wajid et al., 2021). The DSSAT model, 169 

which contains the submodule CERES for cereal crops, requires detailed input data, including field 170 

data, soil characteristics, and management data. It is widely used to assess climate change effects 171 

on crop production and evaluate best management options under changing climate scenarios (Cao 172 

et al., 2012; Chisanga et al., 2021). 173 

DSSAT is a mainly used crop model for assessing long-term cultivation yield and soil nitrogen 174 

dynamics, contributing to studies on rainfed crop productivity, nitrogen input effects, climate 175 

change impacts on yield and water demand, drought-tolerant variety performance, and semi-arid 176 

crop response (Gunawat et al., 2022; Jiang et al., 2021). Initially, it overestimated grain yields and 177 

nitrogen content, but recent updates have improved its predictive accuracy, particularly in soil 178 

moisture during the growing season (Hoogenboom et al., 2019). 179 

This model can be integrated with hydrological, socio-economic, and parameter estimation models 180 

to evaluate water supply, food security impacts, and crop genetics, respectively (Chisanga et al., 181 

2021; Kloss et al., 2012; Wajid et al., 2021). Notably, DSSAT helps to assess the effects of climate 182 
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change on crop yield, nitrogen use, and water efficiency by considering key factors such as water 183 

availability and greenhouse gas concentrations (G. Nelson et al., 2018), while some studies have 184 

shown overestimation of yields and nitrogen, calibration remains crucial for accuracy. Ultimately, 185 

DSSAT serves as a dependable tool for developing mitigation strategies in agriculture (Gavasso-186 

Rita et al., 2024). 187 

2.3. Climate data 188 

The needed historical climate data, maximum and minimum temperature (Tmax and Tmin), and 189 

rainfall were gathered from the National Meteorological Institute of Ethiopia for the period 1992-190 

2022 years of Fedis district; and the solar radiation (Rs) data downloaded data from Climate 191 

Engine website (https://app.climateengine.org/climateEngine). The NetCDF data format of future 192 

Tmax, Tmin and rainfall of five GCM model of CMIP6 climate data including  ACCESS-CM2, 193 

EC-Earth3, MIROC6, MPI-ESM1-2-LR, and NorESM2-MM were downloaded from Copernicus 194 

website (https://cds.climate.copernicus.eu/datasets/projections-cmip6?tab=download). 195 

To develop climate change projections at the station level, the statistical downscaling and bias 196 

correction via Empirical Quantile Mapping (EQM) approach was applied. Data from the five 197 

global climate models (Table 1), each evaluated under the medium-forcing middle-of-the-road 198 

pathway (SSP2-4.5) and the high-end forcing pathway (SSP5-8.5) scenarios were downscaled, 199 

focusing on the periods 2040-2069 (mid-century) and 2070-2100 (end of the 21st century). 200 

Table 1. Descriptions of the GCMs used for climate future projections. 201 

CMIP6 models Institute Country Lon. x Lat. 

1 ACCESS-CM2 Commonwealth Scientific and Industrial Research Organization Australia 1.9 x 1.3 

2 EC-Earth3 EC- Earth consortium Europe 0.7 x 0.7 

3 MIROC6 Model for Interdisciplinary Research on Climate Japan 1.4 x 1.4 

4 MPI-ESM1-2-LR Max Planck Institute for Meteorology Germany 1.9 x 1.9 

5 NorESM2-MM Norwegian Climate Centre Norway 1.25 x 0.94 

2.4. Soil data 202 

The Oromia Agricultural Research Institute authorized soil samples collection at his site in Fedis 203 

and these samples were taken to Haramaya university laboratory for analysis. Soil samples were 204 

analyzed to determine the soil type, slope and drainage characteristics, and physico-chemical 205 

parameters. The soil parameters analyzed include the soil bulk density, soil texture, drained upper 206 

limit (DUL), saturated volumetric water content (SAT), lower limit, available phosphorus, soil 207 

organic carbon content, total nitrogen or in soil NO3
− and NH4

+ concentrations amount in kg/ha; 208 

soil pH; effective cation exchange capacity (CEC); and exchangeable bases (Table 2). The texture 209 

of the soil was determined using the Bouyoucos hydrometer method based on Day (1965), while 210 

the core sampling method was used to determine the soil bulk density (Al-Shammary et al., 2018). 211 

Furthermore, a glass electrode attached to a digital pH meter helped to make a suspension of a 1:5 212 

soil/water ratio in order to measure the pH of the soil (Baker et al., 1983). The proportion of organic 213 

matter was computed by multiplying the organic carbon percentage by 1.724, and the organic 214 

carbon content was ascertained using the procedure described by Nelson and Sommers (1996). 215 
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The extraction of HNO3 and HNO4 acids was done using the EPA method 3051 based on Xing and 216 

Veneman (1998). This method allows the extraction of the acid-soluble portion of any given 217 

element. 218 

The Kjeldahl method, as outlined in Jackson (1973), was used to calculate total nitrogen. Kjeldahl 219 

N, titration by Spectro colorimetry determines the NH4
+ concentration, while the modification of 220 

this method allows the titration of NO3
- before Kjeldahl mineralization based on Pansu and 221 

Gautheyrou (2006). The available amounts of P and K was extracted from the soil with a calcium-222 

acetate-lactate buffer based on Schüller (1969). Phosphorus was measured photometrically 223 

according to Watanabe and Olsen (1965) with a Unicam 8700 UV/VIS spectrometer and potassium 224 

with an AAS (Varian Spectra AA-10). The soluble Na, Ca and Mg was evaluated using the 225 

inductively coupled plasma-atomic emission spectroscopy (ICP-AES) method (Hendershot et al., 226 

1993). Soil CEC was determined by saturating with ammonium acetate based on Summer et al. 227 

(1996). The drained upper limit (DUL), saturated volumetric water content (SAT), and lower limit 228 

were calculated automatically by DSSAT model after filling the others soil parameters. 229 

Table 2. Soil physical and chemical properties of Fedis District. 230 

2.5. Crop management and yield data 231 

Crop data included management and yield data. Four years crop data of sorghum varieties, Melkam 232 

and Teshale, were provided by the Oromia Agricultural Research Institute. 2021/2022 crop data 233 

were used for models’ calibration, while 2023/2024 crop data served for models’ validation. 234 

Melkam and Teshale sorghum varieties were considered for data collection due to data availability, 235 

their high yield and drought tolerance (Mengesha et al., 2021; Tsehaye et al., 2025). Regarding 236 

crop management data, precise planting dates, depths, row spacing, plant population, and cultivar 237 

Parameters  Soil Depth (cm)  

 0-15 15-30 30-60 60-90 90-120 120-150 

Clay (%) 22 35 34 36 32 34 

Silt (%) 25 12 12 10 13 29 

Sand (%) 53 53 54 54 55 37 

Organic carbon (%) 1.5 1.4 1 0.8 0.7 0.5 

Total Nitrogen (%) 0.32 0.20 0.08 0.04 0.08 0.08 

CEC (meq/100g) 39.4 35.8 33.4 30.4 30.1 29 

Bulk density, g/cm3 1.59 1.61 1.56 1.58 1.56 1.82 

DUL (cm3/cm3) 0.308 0.35 0.324 0.32 0.299 0.332 

DLL (cm3/cm3) 0.177 0.239 0.223 0.228 0.205 0.21 

pH 8.4 8.4 8.5 8.3 7.8 7.8 

PWP (g/g%) 16.2 13.5 25.2 15 27.3 22.8 

Ava. P(mg/kg) 17.26 9.70 10.30 7.51 7.5 5.45 

Ava.K (mg/kg) 0.79 0.78 0.8 0.72 0.58 0.46 

FC (%) 25.49 28.26 33.82 34.59 32.1 28.6 

Ca (cmol (+)/kg) 29.64 26.46 27.12 24.15 17.57 16.66 

Mg (cmol (+)/kg) 10.37 9.83 9.52 8.51 7.61 7.61 

Na (cmol (+)/kg) 0.83 0.61 0.95 0.57 0.52 0.55 
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details; fertilizer applications (dates, types, nutrient rates, methods, and placement); and residue 238 

management were collected. For yield data, harvest dates, yields (grain yields), and yield 239 

components (days to flowering and maturity) were necessary for precise calibration and validation 240 

of DSSAT and APSIM crop models (Feleke et al., 2021; Richetti et al., 2024; Winn et al., 2023). 241 

The table 3 below presents the characteristics of Melkam and Teshale sorghum varieties. 242 

Table 3. Characteristics of Sorghum Varieties (Melkam and Teshale) used for the study. 243 

No. Agronomic information Melkam Teshale 

1 Altitude (masl) 1200-1600 1200-1600 

2 Rainfall (mm) 500-800 500-800 

3 Seed rate (kg ha-1) 8 8 

4 Days to anthesis 76-82 76-82 

5 Days to maturity 118 118 

6 Plant height (cm) 112-139 167 

7 Spacing (cm) 75 /20 75/20 

8 Temperature 15-34 15-34 

9 Planting density (plants m-2) 7 7 

10 Fertilizer rate (kg ha-1) DAP = 100, Urea = 50 DAP = 100, Urea = 50 

11 Potential yield (t ha-1) 4-8 3.3-7 

2.6. Models’ calibration and validation 244 

The calibration of APSIM-sorghum and CERES-sorghum models was done integrating soil data 245 

at different vertical layers, climate data, crop management data and sorghum yield of 2021/1022 246 

cropping season. Three crop parameters, including the days to flowering (DTF), days to maturity 247 

(DTM), and grain yield were considered for the impact assessment. The cultivar-specific 248 

parameters were estimated by iteration against the data measured under potential conditions. 249 

The crop models were validated using 2023/2024 crop data provided by the Oromia Agricultural 250 

Research Institute. For the two models, the goodness or weakness of fit between the simulated and 251 

observed-values were evaluated by using different statistical indices, such as root mean square 252 

error (RMSE), normalized root mean square error (nRMSE), the index of agreement (d-index) and 253 

coefficient of determination (R2) based on Cao et al. (2012); Janová, (2012). 254 

The root mean square error (RMSE) measures the average magnitude of the estimated errors 255 

between the model and the station data (Equation 1). A lower RMSE value means greater central 256 

tendencies and smaller extreme errors. An RMSE value of zero shows the perfect score. 257 RMSE = √1n ∑ (Pi − Oi)2ni=1                                                                                              (1)                                        258 

where n is the number of observations, Pi the predicted value for the ith measurement and Oi the 259 

observed value for the ith measurement. 260 

The normalized root mean square error (nRMSE) is a better indication for evaluating model 261 

performance, since normalizing the RMSE can help to make it scale-free. The nRMSE is a 262 

percentage that connects the RMSE to the observed range of the variable. This gives a number 263 
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between 0 and 1, with values closer to 0 indicating better-fitting models. The normalized nRMSE 264 

is expressed in percent, calculated based on Loague and Green, (1991); and Magaia et al. (2017) 265 

by Equation 2: 266 nRMSE = RMSE∗100O                                                                                                            (2)  267 

Here nRMSE is normalized root mean square error and O is the mean value of observed crop data. 268 

Additionally, for comparison, the R2 regression statistic (coefficient of determination) was also 269 

used for model fitness. It represents the proportion of the variation in simulated and observed 270 

(Equation 3).  271 R2 = 1 − sum of square of errorSum of square of total                                                                                            (3) 272 

The index of agreement, calculated using the equation 4 below, varies from 0 to 1, with higher 273 

values indicating better agreement between the model and observations, similar to the coefficient 274 

of determination R2 (Legates and McCabe, 1999). 275 d = 1 − [ ∑ (Qi−Ri)2ni=1∑ (|Q′i|+|R′i|)2ni=1 ] ,  0 < d < 1                                                                             (4) 276 

where Qi and Ri refer to observed and predicted-values respectively for all studied variables and 277 

n is the number of observations. 278 

2.7. Future impacts assessment on sorghum yield simulation 279 

The future yield of sorghum in the research region was analyzed through the simulation procedure. 280 

The baseline yield served as a reference for simulating the yields of different varieties under the 281 

study area's historical (1992-2022) and projected (2050s and 2080s) climatic conditions. Lastly, 282 

the following formula was used to calculate the yield percentage change for sorghum from the 283 

baseline yield by the 2050s (2040-2069), and 2080s (2070-2100) under SSP2-4.5 and SSP5-8.5 284 

scenarios.  285 ΔY = Ysim−YobsYobs ∗ 100                                                                                                       (5) 286 

where, Yobs is the baseline yield (kgha-1), Ysim is the simulated value, and ∆Y is the change in 287 

yield. 288 

2.8. Adaptation options 289 

Various adaptation strategies were tested to reduce the impact of climate change on sorghum 290 

production. These agronomic adaptation options include the planting date adjustment and plant 291 

density. According to Muluken and Alemayehu (2024), sorghum has two sowing dates in the semi-292 

arid zones of Ethiopia: the dry/early sowing in late June and the wet/late sowing in early July. 293 

Therefore, to test the impact of planting dates on sorghum productivity, we applied four planting 294 

date: 10th June, 20th June, 2and Jully and 12th Jully categorized as early, normal, late and very late 295 

planting dates, respectively. Three planting densities were considered for the impact assessment 296 
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based on Hailu and Geremu (2021): very dense [11 plants per m2], dense [9 plants per m2], and 297 

normal [7 plants per m2]. 298 

3. Results 299 

3.1. Result of crop models’ calibration and validation 300 

The CERES-sorghum model was calibrated using experimental date of anthesis, days to maturity, 301 

and grain yield collected during the 2021-2022 main cropping seasons. The findings of this 302 

calibration demonstrated a good adjustment of crop genetic coefficients for all the crop parameters 303 

(Table 4). High coefficients of agreement between observed and simulated crop data were observed 304 

for both Melkam and Teshale varieties, with d-stat >0.78 for the three crop parameters. A high 305 

fitness of the model was also shown in simulating both the days to anthesis, physiological maturity 306 

and grain yield, with better coefficient of determination (R2) values. Melkam variety presented R2 
307 

values equal to 0.82, 0.65 and 0.78 for the date of anthesis, days to maturity and grain yield, 308 

respectively (Table 4). For Teshale, the coefficients of determination were 0.8 for date of anthesis, 309 

0.67 for days to maturity, and 0.68 for grain yield, respectively. The RMSE for anthesis, maturity 310 

day and grain yield for Melkam variety were 2 days, 1 day, and 174.3 kg/ha, respectively. For 311 

Teshale, the RMSE values for the respective parameters were 2 days, 2 days, and 203.4 kg/ha. The 312 

nRMSE (%) was less than 10% for all the crop parameters and for both Melkam and Teshale 313 

varieties, meaning the model is performing well for considered sorghum varieties in Fedis. 314 

The APSIM-sorghum was calibrated using the same data. Result from Table 5 revealed high 315 

coefficients of agreement between observed and simulated crop data for both Melkam and Teshale 316 

varieties (d-stat >0.65), but Melkam variety performed well as compared to Teshale variety. The 317 

correlation between observed and simulated crop data provided values almost similar to the 318 

coefficients of agreement regarding variety. The anthesis day and grain yield of Melkam variety 319 

presented high R2 values (0.76 and 0.85), while 0.83 and 0.57 were recorded for anthesis day and 320 

grain yield of Teshale variety, respectively. Regarding the maturity day, the fitness of model was 321 

law for both Melkam (R2 = 0.57) and Teshale (R2 = 0.53) varieties. The findings also showed an 322 

excellent performance of the model calibration for the two varieties and on all the crop parameters 323 

(nRMSE <10%), expect on the grain yield of Teshale variety (nRMSE = 15.9%) (Table 5). 324 

Table 4. CERES-sorghum calibration for Melkam and Teshale varieties. 325 

Varieties Parameters Obs Sim R2 RMSE nRMSE (%) d-stat 

Melkam 

Anthesis day 78 81 0.82 1.72 1.21 0.85 

Maturity day 119 123 0.65 1.43 1.09 0.9 

Yield (kg/ha) 3073.5 2986.3 0.78 174.3 5.42 0.87 

Teshale 

Anthesis day 81 86 0.8 2.2 2.38 0.82 

Maturity day 121 127 0.67 1.93 1.64 0.88 

Yield (kg/ha) 2956 2832.7 0.68 203.4 4.34 0.79 

Notes: Obs: observed; Sim: simulated; RMSE: root mean squared error; nRMSE: normalize RMSE; d-stat: Wilmot 326 

index of agreement. 327 

 328 

 329 
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Table 5. APSIM-sorghum calibration for Melkam and Teshale varieties. 330 

Varieties Parameters Obs Sim R2 RMSE nRMSE (%) d-stat 

Melkam 

Anthesis day 78 80 0.76 2.109 1.37 0.89 

Maturity day 119 126 0.57 10.5 5.8 0.71 

Yield (kg/ha) 3073.5 2957.8 0.85 307.4 4.6 0.91 

Teshale 

Anthesis day 81 82 0.83 1.3 0.57 0.93 

Maturity day 121 129 0.53 6.5 2.5 0.68 

Yield (kg/ha) 2956 3506.8 0.57 520.4 15.9 0.67 

Notes: Obs: observed; Sim: simulated; RMSE: root mean squared error; nRMSE: normalize RMSE; d-stat: Wilmot 331 

index of agreement. 332 

The performance of CERES-sorghum model was evaluated with independent set of data, 2023-333 

2024 crop data. The findings indicated a good agreement between observed and simulated anthesis 334 

days for both Melkam and Teshale varieties, with d-stat of 0.78 and 0.82, respectively (Table 6). 335 

The highest indices of agreement were recorded on the days to maturity, with 0.88 for Melkam 336 

variety and 0.85 for Teshale variety, respectively. For these two statistical parameters, the R2 values 337 

were above 0.6, indicating the similarity between observed and simulated data, and their nRMSE 338 

(%) were less than 10%. Regarding the grain yield, d-stat of 0.81 and 0.77 were respectively 339 

recorded for Melkam and Teshale variety, with R2 values equal to 0.64 for Melkam variety and 340 

0.79 for Teshale variety. The nRMSE (%) of grain yield for the two variety were also less than 341 

10%, which indicates excellent performance evaluation for sorghum yield in the district (Table 6). 342 

Although all the sorghum varieties (Melkam and Teshale) presented good statistical indices for the 343 

three crop parameters, the level of acceptance (R2) for Teshale variety was high as compared to 344 

that of Melkam variety. The validation of CERES-sorghum model was successful. 345 

Similarly, APSIM-sorghum model was validated using 2023-204 crop data. The result, as reported 346 

by Table 7, revealed a similar accuracy of the model as compared to the outcomes of the model 347 

calibration. The model presented high coefficients of agreement between observed and simulated 348 

data for both Melkam and Teshale varieties regarding the three crop parameters: anthesis day, 349 

maturity day and yield (d-stat >0.7); with high values on the anthesis day, 0.84 for Melkam variety 350 

and 0.88 for Teshale variety. Similarly, the correlation between observed and simulated data was 351 

greater than 50% for all the crop parameters and for the two sorghum varieties. Anthesis day 352 

presented the highest correlation values (0.74 for Melkam and 0.78 for Teshale) and maturity day 353 

the lowest, 0.58 and 0.57 for Melkam and Teshale, respectively. For the grain yield, R2 values were 354 

equal to 0.65 and 0.63 for Melkam and Teshale, respectively. The nRMSE (%) values of the two 355 

variety were less than 10% for anthesis and maturity day, while the grain yield presented nRMSE 356 

values between 10% and 20% (Table 7). 357 

Table 6. CERES-sorghum validation for Melkam and Teshale varieties. 358 

Varieties Parameters Obs Sim R2 RMSE nRMSE (%) d-stat 

Melkam 

Anthesis day 75 86 0.72 1.68 1.13 0.78 

Maturity day 122 128 0.61 0.98 0.64 0.88 

Yield (kg/ha) 6280 5875.8 0.64 342.1 8.08 0.81 
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Teshale 

Anthesis day 79 84 0.81 1.2 1.075 0.82 

Maturity day 124 130 0.67 1.45 1.22 0.85 

Yield (kg/ha) 5781 5664.7 0.79 128.3 4.09 0.77 

Table 7. APSIM-sorghum validation for Melkam and Teshale varieties. 359 

Varieties Parameters Obs Sim R2 RMSE nRMSE (%) d-stat 

Melkam 

Anthesis day 75 72 0.74 5.5 2.9 0.84 

Maturity day 122 119 0.58 9.8 4.8 0.73 

Yield (kg/ha) 6280 5472 0.65 682.9 16.1 0.81 

Teshale 

Anthesis day 79 75 0.78 7.03 1.7 0.88 

Maturity day 124 129 0.57 8 3.4 0.72 

Yield (kg/ha) 5781 5225 0.63 319.3 12.4 0.78 

Notes: Obs: observed; Sim: simulated; RMSE: root mean squared error; nRMSE: normalize RMSE; d-stat: Wilmot 360 

index of agreement. 361 

3.2. Projected future climate and its impact on sorghum yield 362 

Projected climate changes in Fedis district 363 

The future annual and seasonal trends revealed a rise in rainfall, minimum and maximum 364 

temperature under SSP2-4.5 and SSP5-8.5 by 2050s and 2080s in the district (Tables 8 and 9). The 365 

annual rainfall is expected to increase from 577.04 mm (baseline) to 643.02 mm (+11.4%) under 366 

SSP2-4.5 scenario and 652.14 mm (+13.01%) under SSP5-8.5 scenario in 2050s. By the end of 367 

the century (2080s), the rainfall may reach 644 mm (+11.7%) under SSP2-4.5 scenario and 737.86 368 

mm (+28.86%) under SSP5-8.5 scenario (Table 8). Regarding the seasonal rainfall, A significant 369 

increase in rainfall will be observed in June-July-August-September (JJAS) season. The seasonal 370 

mean rainfall will rise from 320.6 m to 360.6 mm (+12.35%) under SSP2-4.5 scenario and will 371 

reach 375.03 mm (+16.98%) under SSP5-8.5 scenario by 2050s, while rainfall will reach 357.7 372 

mm (+11.55%) and 415.98 mm (+29.75%), respectively under SSP2-4.5 and SSP5-8.5 in 2080s 373 

(Table 9). For the future changes in temperature, the district may experience variation in both 374 

minimum and maximum temperature at the range of 2.28℃ to 3.453℃ under SSP2-4.5 and 3.02℃ 375 

to 5.26℃ for SSP5-8.5 in 2050s. The end-century will be characterized by high temperature 376 

variability, and this will range between 3.388℃ and 5,26℃ under both SSP2-4.5 and SSP5-8.5 377 

scenarios (Table 8). 378 

Table 8. Change in temperature and rainfall by 2050s and 2080s from baseline at Fedis District. 379 

Scenarios Period Tmax 
(˚C) 

Tmin 
(˚C) 

∆Tmax 
(˚C) 

∆Tmin 
(˚C) 

RF during LGP 
in (mm) 

∆RF during 
LGP in % 

Baseline 1992-2022 26.797 12.92 - - 577.04 - 
SSP2-4.5 Mid-century 29.48 15.35 2.28 2.43 643.02 +11.4 

SSP2-4.5 End-century 30.25 16.31 3.45 3.39 644.6 +11.7 

SSP5-8.5 Mid-century 29.85 15.94 3.053 3.02 652.14 +13.01 

SSP5-8.5 End-century 31.77 18.18 4.97 5.26 737.78 +28.86 

Note: LGP was considered from march to September, including MAM and JJAS seasons. 380 

 381 



13 

 

Table 9. Future projected changes in seasonal rainfall in %. 382 

Scenarios Period RF in MAM 

(mm) 
∆RF in MAM 

(%) 
RF in JJAS 

(mm) 
∆RF in JJAS 

(%) 
Baseline 1992-2022 256.48 - 320.6 - 
SSP2-4.5 Mid-century 282.8 +10.26 360.2 +12.35 

SSP2-4.5 End-century 286.8 +11.82 357.7 +11.55 

SSP5-8.5 Mid-century 277.1 +8.04 375.03 +16.98 

SSP5-8.5 End-century 321.8 +25.47 415.98 +29.75 

Projected climate change impact on sorghum yield 383 

The simulated changes in days to flowering (DTF), days to maturity (DTM) and grain yield, using 384 

APSIM and DSSAT-CERES models, for two sorghum varieties (Melkam and Teshale) by 2050s 385 

and 2080s averaged over five GCMs under SSP2-4.5 and SSP5-8.5 scenarios are presented in 386 

Figure 2. Simulation results revealed that CERES-sorghum presented different results regarding 387 

the days to flowering and maturity day as compared to APSIM-sorghum. Under SSP2-4.5 scenario, 388 

the results from CERES-sorghum demonstrates decreases in DTF by 3.3% in 2050s and by 8.7% 389 

in 2080s for Melkam variety, while the DTF will decrease by 5.8% in 2050s and by 15.4% in 2080s 390 

for Teshale. The changes in DTM will be 1.5% and -4.7% respectively in 2050s and 2080s for 391 

Melkam, and 2.4% and -6.7% for Teshale. However, under the same scenario, APSIM-sorghum 392 

projected decreases in DTF for both Melkam (-6.7%) and Teshale (-8.9) in 2050s, and a decrease 393 

of this crop parameter in 2080s for the two varieties (-11.6% for Melkam and -17.2 for Teshale). 394 

A decrease in DTM is expected for the two sorghum varieties in the future, with -4.3% and -10.8%, 395 

respectively for Melkam and Teshale in 2050s; and -9.4% and -12.3% by 2080s (Figure 2).  396 

Under SSP5-8.5 scenario, CERES-sorghum projected the DTF and DTM to decrease in 2050s and 397 

decrease in 2080s for the two varieties, at the range of -11.1% to -21.4% for DTF and -8.5% to -398 

14.6% for DTM depending on variety. For APSIM-sorghum, the DTF and DTM will decrease in 399 

both 2050s and 2080s periods and for the two sorghum varieties under SSP2-4.5 and SSP5-8.5 400 

scenarios. Melkam variety will record decreases in DTF and DTM by 6.7% and -4.3% in 2050s 401 

and 11.6% and 9.4% in 2080s under SSP2-4.5, while the decreases will reach 9.3% and 13.1% by 402 

2050s and 18.1% and 14.4% by 2080s under SSP5-8.5, respectively. For Teshale variety, the DTF 403 

and DTM will decrease by 8.9% and 10.8% in 2050s and by 17.2% and 12.3% in 2080s under 404 

SSP2-4.5, while the two crop parameters will decrease by 17.2% and 12% in 2050s and by 24.1% 405 

and 17.4% in 2080s under SSP5-8.5 scenario (Figure 2). 406 

In contrast to the days to flowering and maturity, the projected yields are expected to increase for 407 

both Melkam and Teshale variety in 2050s and 2080s under both SSP2-4.5 and SSP5-8.5 scenarios, 408 

and Melkam variety will perform well as compared to Teshale variety. Using CERES-sorghum 409 

model, the yield of Melkam variety is expected to increase by 37.3% in 2050s and by 29.8% in 410 

2080s, while the increment will be 24.5% in 2050s and 27.2% in 2080s for Teshale under SSP2-411 

4.5 scenario. Under SSP5-8.5 scenario, the yield of Melkam variety will increase by 41.8% in 412 

2050s and by 44.4% in 2080s, while Teshale variety will record the yield increment of 31.3% by 413 

2050s and 24.8% by 2080s. Similarly, Melkam variety presented high projected yields as 414 

compared to Teshale variety using APSIM-sorghum model. Under SSP2-4.5, the yield of Melkam 415 
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variety is expected to increase by 34.8% in 2050s and 33.3% in 2080s, while the increment of 20.1 416 

% and 24.1% will be observed for Teshale in 2050s and 2080s, respectively. Under SSP5-8.5, 417 

Melkam will record increases in yield by 36.6% in 2050s and 42.5% in 2080s, while the yield of 418 

Teshale will increase by 27.3% in 2050s and 25.3% in 2080s (Figure 2). 419 

 420 

Figure 2. Change (in %) in days to flowering (DTF), days to maturity (DTM) and yield for Melkam 421 

and Teshale sorghum varieties under SSP2-4.5 and SSP5-8.5 in 2050s and 2080s compared to the 422 

base period yield in Fedis. 423 

3.3. Adaptation strategies 424 

Planting date adjustment 425 

Different planting windows were utilized to simulate and anticipate the yield of sorghum varieties 426 

(Melkam and Teshale) under future projected climate of Fedis district. The results revealed that 427 

early planting date (10-June) may be benefic for both Melkam and Teshale varieties by 2050s and 428 

2080s under both SSP2-4.5 and SSP5-8.5 scenarios (Table 10). Due to this planting date, Melkam 429 

variety is expected to increase its grain yield by 53.6% and 46.2% respectively under SSP2-4.5 430 

and SSP5-8.5 scenarios in 2050s, while Teshale may record an increment of 47.6% under SSP2-431 

4.5 and 44.2% under SSP5-8.5 during the same period (2050s). By the end of the century (2080s), 432 

the grain yield of the different sorghum varieties may also increase due to early planting date, 433 

38.7% under SSP2-4.5 and 26.3% under SSP5-8.5 for Melkam and 36.1% under SSP2-4.5 and 434 

30.6% under SSP5-8.5 for Teshale. Using the normal planting date (20-June), the grain yield of 435 

the two varieties will also increase under all the climate scenarios and future periods, but will be 436 

low as compared to the changes provided by the early planting date. The late (02-July) and very 437 

late (12-July) planting dates will not be favorable for sorghum production in Fedis. These planting 438 

date may negatively affect the grain yield and the decline of the yield will be at the range of -15.3% 439 

to -41.3%, depending on the period, the climate scenario, and the variety (Table 10). 440 
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Table 10. Simulated yield change (%) for sorghum varieties under different planting windows. 441 

 

Varieties 

 

Baseline yield (kg/ha) 

 

Planting windows 

SSP2-4.5 SSP5-8.5 

2050s 2080s 2050s 2080s 

Melkam 

 

3901.3 

10-June early +53.6 +38.7 +46.2 +26.3 

20-June normal +26.5 +17.6 +21.5 +13,3 

02-July late +10.3 -6.3 -13.2 -17.1 

12-July very late -15.3 -24.7 -16.2 -41.8 

Teshale 

 

4352.26 

10-June early +47.6 +36.1 +44.2 +30.6 

20-June normal +21.1 +14.4 +19.3 +14.9 

02-July late +2.6 -11.2 +8.6 -28.6 

12-July very late -26.3 -36.5 -28.3 -41.3 

Planting density 442 

Table 11 presents the projected changes in grain yield for Melkam and Teshale sorghum varieties 443 

relative to the baseline under different planting densities for the 2050s and 2080s, considering 444 

SSP2-4.5 and SSP5-8.5 climate scenarios. The results revealed that the density of 9 plants m⁻² is 445 

expected to increase yields in both the 2050s and 2080s under SSP2-4.5 and SSP5-8.5 scenarios. 446 

The years 2050s might experience high changes in grain yield for both Melkam and Teshale 447 

varieties, respectively +52.3% and +33.4% under SSP2-4.5 and +41.5% and +28.3% under SSP5-448 

8.5 due to the use of this planting density. During the end of century (2080s), the yield will also 449 

increase by 34.7% for Melkam and by 31.6% for Teshale under SSP2-4.5, while Melkam will 450 

increase by 36.6% and Teshale by 25.1% under SSP5-8.5 as a result of the density of 9 plants m⁻². 451 

The density of 11 plants m⁻² is also expected to increase the yield of both Melkam and Teshale 452 

varieties in 2050s under SSP2-4.5, but the yield of the two varieties will decrease in 2080s and 453 

under SSP5-8.5 by 2050s and 2080s. However, the yield increment for this planting density by 454 

2050s under SSP2-4.5 will be less than that of the density of 9 plants m⁻², meaning that there is 455 

not yield benefits from the use of the density of 11 plants m⁻² (Table 11). Regarding the density of 456 

7 plants m⁻², the projected yield is similar to that of figure 2 since this is the baseline in the region 457 

and this density was used for calibration and validation. 458 

Table 11. Simulated yield change (%) for both sorghum varieties under different planting density. 459 

 

Varieties 

 

Baseline yield (kg/ha) 

Planting density 

(plant m-2) 

SSP2-4.5 SSP5-8.5 

2050s 2080s 2050s 2080s 

Melkam 

 

3901.3 

7 +36.1 +31.5 +39.2 +43.2 

9 

11 

+52.3 

+9.4 

+34.7 

-5.7 

+41.5 

+2.3 

+36.6 

-14.2 

Teshale 

 

4352.26 

7 +22.3 +25.7 +29.3 +25.1 

9 

11 

+33.4 

+6.2 

+31.6 

-8.7 

+28.3 

-10.5 

+29.5 

-15.3 

4. Discussion 460 

4.1. Crop models calibration and validation 461 

The crop models were calibrated and validated using the same data. Overall, both the APSIM-462 

sorghum and CERES-sorghum models showed good performance in simulating the anthesis day, 463 

days to maturity and grain yield of sorghum in climate conditions of Fedis district. Anthesis day 464 
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of the sorghum varieties studied was successfully simulated by the two crop models. The 465 

adjustments were made to obtain improved agreement between simulated and observed-values, d-466 

stat > 0.75 for the two crop models and for both Melkam and Teshale varieties. The results showed 467 

that the model calibration datasets were consistent with the model evaluation datasets and the two 468 

models overestimated the anthesis day of sorghum. Good relationships were obtained between the 469 

simulated and observed anthesis day values (Figure 3). This indicated that both APSIM-sorghum 470 

and CERES-sorghum can be used to simulate the days to flowering of different sorghum varieties 471 

in the study area (Chisanga et al., 2021). For the maturity day, the CERES-sorghum model 472 

evaluation indices were better than those presented by APSIM-sorghum model for all varieties, 473 

with a low nRMSE value, high d-stat and R2 values. CERES-sorghum can be used to simulate the 474 

maturity day with improved accuracy in Fedis than APSIM-sorghum model. Research has proven 475 

the performance of DSSAT-CERES in simulating the phenology of crops (Chisanga et al., 2021; 476 

Feleke et al., 2021; Liu et al., 2011; Shawon et al., 2025). 477 

The findings from tables 6 and 7 revealed that the simulated grain yield agreed well with the 478 

observed data for the two sorghum varieties, d-stat equal to 0.81 and 0.77 for Melkam and Teshale 479 

varieties, respectively using CERES-sorghum; and 0.81 for Melkam and 0.78 for Teshale using 480 

APSIM-sorghum model. Additionally, both APSIM-sorghum and CERES-sorghum models 481 

underestimated sorghum yield (Figure 3). The model evaluation indices RMSE, d-stat and R2 482 

confirmed the good accuracy of DSSAT-CERES and APSIM models in simulating yield at semi-483 

arid zones like Fedis. This result is partially in agreement with the findings of Feleke et al. (2021) 484 

who reported that only APSIM can underestimate the yield of cereal crops. The result is also 485 

similar to the finding of Berghuijs et al. (2021) who revealed that APSIM can overestimate the 486 

yield of certain crops and underestimate the yield of cereal crops like wheat. 487 

 488 

Figure 3. Comparison of observed and simulated crop variables from APSIM and DSSAT 489 

outcomes. 490 



17 

 

4.2. Future climate projection and impact assessment 491 

According to our findings, the annual rainfall of Fedis district is expected to increase at the range 492 

of 11.4 to 28.86%, as compared to baseline (1992 to 2022) under both SSP2-4.5 and SSP5-8.5 493 

scenarios in 2050s and 2080s. Regarding the seasonal rainfall, a significant increment may occur 494 

during the JJAS season at the range of 12.35 to 29.75%. These results are higher than the findings 495 

of Kebede et al. (2026) who reported that the annual rainfall is expected to increase by 7.77% and 496 

13.74% under the SSP2-4.5 scenario and by 14.02% and 28.48% under the SSP5- 8.5 scenario for 497 

the 2040s and 2080s, respectively in northern Ethiopia. Similarly, Yisehak et al. (2021) reported 498 

that the rainfall is projected to increase at the range of 3.5 to 13.4 % over the semi-arid zones of 499 

Ethiopia under RCP 4.5 and RCP 8.5 scenarios. Fedis district may receive more rainfall than other 500 

semi-arid zones of the country by the mid and end of the century. However, the IPCC report of 501 

2020 projected the rainfall of East African to increase by 20-30% the end of the century. 502 

Additionally, Gebrechorkos et al. (2023) reported that the annual rainfall is expected to increase 503 

by above 30% in East African countries, including Ethiopia; with hydrological extremes like 504 

floods. This rise in rainfall may profit the rain-fed agriculture and cereal crops like sorghum in 505 

Fedis, but some reductions in agricultural production are expected to appear due to hydrological 506 

extremes (Abdisa et al., 2022). 507 

The results of the present study projected a high increase in both minimum and maximum 508 

temperature (2.28oC-5.26oC) by the mid and end of the century under SSP2-4.5 and SSP5-8.5 509 

climate scenarios. These findings are almost similar to those of Kebede et al. (2026) who reported 510 

that Amhara region will record an increase in temperature at the range of 0.92oC to 4.48oC under 511 

the same climate scenarios and periods. These shifts in temperature may intensify extreme weather 512 

events, posing risks to agriculture. Therefore, there is a need of implementing adaptation strategies 513 

to mitigate potential impacts and enhance climate resilience in the district (Malhi et al., 2021). 514 

The impact assessment demonstrated low decreases in projected days to flowering and maturity of 515 

sorghum varieties (Melkam and Teshale) in Fedis district, while the grain yield is projected to 516 

increase to the range of 20.1 to 44.4%, depending on the crop model and variety. Unlike our results, 517 

researchers have predicted the decline of sorghum yield in Ethiopia due to climate change. For 518 

instance, Mohammed and Misganaw (2022) reported that sorghum yield might decrease by 2030s 519 

and 2050s under both RCP 4.5 and RCP 8.5 scenarios in Amhara region. In north Wollo, Hayelom 520 

and Kritika (2026) projected sorghum yield to reduce by 15-16% in mid-century and by 17-22% 521 

in late-century. Additionally, Tolosa et al. (2023) reported a decline in projected sorghum yield 522 

during the near term of the 21st century in Babile district, Eastern Ethiopia. According to these 523 

studies, the main causes of this decrease in sorghum yield include declining and disturbed rainfall, 524 

increases in minimum and maximum temperatures, and increase in evapotranspiration. In the 525 

context of our study, both rainfall and temperature are expected to increase. The increases in 526 

temperature and evapotranspiration will be compensated by increase in rainfall, which will 527 

increase the grain yield. Moreover, Stuch et al. (2021) revealed that the mean yields of tropical 528 

cereals will be more robust to climate change, apart from maize. This also support our findings 529 

and shows that sorghum can tolerate and produce under climate stress. 530 

 531 
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4.3. Adaptation options 532 

According to our findings, early planting may ameliorate sorghum yield in future projected 533 

climate, especially in 2050s, and under both SSP2-4.5 and SSP5-8.5 scenarios. The reason behind 534 

this increment is the early start of rain in the future for JJAS season and the use of medium maturity 535 

varieties, Melkam and Teshale. Similar results have been reported by Hayelom and Kritika (2026) 536 

in north Wollo. They realized that due to early planting the sorghum yield was on average 3% and 537 

maximum up to 20% in 2050s as compared to the baseline. They also reported that late planting 538 

and longer maturity sorghum varieties may not provide yield benefits in the future periods. Early 539 

planting has many advantages, including reducing risks of terminal droughts, extending the 540 

growing seasons, and increasing rotation options (Morris et al., 2021). 541 

Planting density adjustment showed a significant and positive effect on the yield of both Melkam 542 

and Teshale varieties across all scenarios and time periods. The density of 9 plants m⁻² provided 543 

the highest and positive changes in yield, and unlike Teshale variety, Melkam will record the 544 

greatest increases in grain yield after adjusting the planting density. This result confirms the 545 

statement of Motsi et al. (2022) who reported that sorghum can still be high yielding at high plant 546 

densities under climatic stress in Sub-saharan Africa. Sorghum is a climate-resilient crop that is 547 

less sensitive to climate change vulnerabilities (Chadalavada et al., 2021). 548 

5. Conclusion 549 

Globally, agricultural production is negatively affected by climate change and variability, 550 

particularly in developing countries like Ethiopia, with more emphasize on the rainfed agriculture 551 

system. In Ethiopia, the productivity of major crops, including cereal crops is declining due to 552 

changes in climate patterns. This study simulated the impact of climate change on sorghum 553 

(Sorghum bicolor L.) yield in Fedis district, a semi-arid and agricultural zone located in Easter 554 

Ethiopia. Therefore, DSSAT-CERES and APSIM crop models were calibrated and validated to 555 

simulate sorghum yield, the impact of projected climate on sorghum yield was assessed, and the 556 

effectiveness of planting date adjustment and different planting densities was evaluated as adaptive 557 

strategies to anticipate sorghum yield in Fedis. 558 

Observed climate data were obtained from the Ethiopian Meteorological Institute (EMI) for the 559 

period 1992-2022. For future climate, the Coupled Model Intercomparison Project Phase 6 560 

(CMIP6) datasets of five GCMs were used under medium emission (SSP2-4.5) and high emission 561 

(SSP5-8.5) scenarios. Empirical Quantile Mapping (EQM) approach was used for future climate 562 

downscaling and bias correction. Crop data and soil samples were obtained from the Oromia 563 

Agricultural Research Institute site located at Fedis. CERES-sorghum model embedded in DSSAT 564 

and APSIM-sorghum were used to assess impacts of climate change on sorghum yield, while 565 

different planting dates and planting densities were evaluated as adaptation strategies to enhance 566 

sorghum yield in the district. 567 

The crop models, calibrated and validated with field data for Melkam and Teshale varieties, 568 

demonstrated good performance in simulating the days to flowering, days to maturity and grain 569 

yield of sorghum in climate conditions of Fedis district. High coefficients of agreement between 570 

observed and simulated data (d-stat >0.66) for both Melkam and Teshale varieties were revealed 571 

by the two crop models for all the crop parameters. Similarly, the models presented R2 values >0.6, 572 
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except APSIM which simulated the days to maturity with R2 value <0.6. Excellent performance of 573 

the crops models was shown for days to flowering and maturity (nRMSE <10%); while for the 574 

grain yield the nRMSE was between 10 and 20%, meaning a good performance. 575 

The projected yields for Melkam and Teshale varieties are expected to increase in the 2050s and 576 

2080s under both SSP2-4.5 and SSP5-8.5 scenarios, with Melkam demonstrating superior 577 

performance. Specifically, using CERES-sorghum model, the grain yield of Melkam variety is 578 

expected to rise by 37.3% in the 2050s and 29.8% in the 2080s, while Teshale will experience an 579 

increase by 24.5% and 27.2% respectively. Under SSP5-8.5, Melkam's yield is projected to 580 

increase by 41.8% in the 2050s and 44.4% in the 2080s, in contrast to Teshale which will record 581 

31.3% and 24.8% increases. Similarly, the APSIM-sorghum model forecasted the yield of Melkam 582 

variety to rise by 34.8% in the 2050s and 33.3% in the 2080s under SSP2-4.5, compared to Teshale 583 

with 20.1% and 24.1% increases. Under SSP5-8.5, Melkam will record increases of 36.6% in 584 

2050s and 42.5% in 2080s, while the yields of Teshale will rise by 27.3% and 25.3% in the 585 

respective periods. 586 

Moreover, early planting date (10-June) and increased plants density (9 plants m⁻²) may increase 587 

the sorghum yield in the district. Early planting will reduce the risk of terminal droughts and 588 

extending the growing seasons, while the density of 9 plants m⁻² will allows to optimize the filed 589 

surface for better yield. Therefore, future studies should focus on testing other adaptation 590 

strategies, including fertilizer rates and climate smart agriculture practices for future sorghum 591 

production in Fedis district. Additionally, we recommend the use various climate and crop models 592 

to assess the impact on climate change on sorghum in order to formulate sustainable adaptive 593 

options. 594 
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