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GENERAL SUMMARY 

Various adaptation options are available to the anticipated climate change and variability impacts 

on potato production systems in the study area. However, impact estimation and adaptation 

potential evaluation are critical tasks to identify the most viable adaptation options. This study was 

thus designed to (i) perform climate analysis, (ii) evaluate the performance of SUBSTOR-Potato 

model, (iii) evaluate impacts of climate change and management practices, and (iv) assess the 

adaptation role of management practices on potato production in various agroecosystems (AESs) 

found in the Choke Mountain Watersheds of Northwest Ethiopian highlands. A simulation study 

conducted for climate change and management practices impacts assessment using a crop 

simulation model. Two potato varieties (medium maturing and late maturing), three planting dates 

(March 01, April 01 and June 01) determined based on information from climate analysis and key 

informants, and four nitrogen rates (0 kg/ha, 40 kg/ha, 80 kg/ha, and 120 kg/ha N) were selected 

to evaluate their adaptation impacts on potato yield in three climate periods and two scenarios. 

Input data needed for the study collected from primary and secondary sources. Climate analysis 

performed at landscape level, whereas the model calibrated and evaluated using field measured 

data from three AESs. Water limited potential yield, yield gap, and climate change and 

management practices impact assessment performed using a validated model. Results revealed that 

all AES warmed significantly in all seasons over the historical analysis period (1981–2016) with 

higher magnitude of trend in high elevation AES. Rainfall variability was also large across AES, 

with largest interannual variability found in the dry season. Trends in temperature extremes are 

generally consistent across sites and AES, but with different implications for agricultural activities 
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in the different AES. Future projections showed significant wetting and increase in precipitation 

(8–1015 mm additional rainfall) and temperature extremes (More summer days, few chill days, 

and higher day and night temperature) across AES. High inter-annual variability of rainfall onset 

(49–84 days) and cessation (41–66 days) dates was observed, and length of the growing period 

exhibited a significant trend (extended by 6–17 days in some areas and shortened by up to 7 days 

in other sites) in some AES and greater variability in higher elevation AES (78 – 102 days). 

Significant increasing trends and variability in dry spells and onset date may severely affect crop 

production that necessitate the revision of AES specific crop production calendar to minimize crop 

failure. The results also emphasize the importance of AES-based improved seasonal weather 

forecasts and tailored climate information services to guide farm decisions. It also concluded that 

AES level analysis could better provide actionable information for decision makers and growers 

than site specific and scattered studies. Model evaluation results confirmed that SUBSTOR-Potato 

model has strong ability to reproduce observed values and is suitable to simulate tuber yield in 

tropical highlands and similar agroecologies. Results of simulation studies showed that planting 

season temperature and rainfall had increased in the future climate periods with possible impacts 

on potato yield. Results further revealed that climate change in the area showed a wider range yield 

impact (0.25% to 281%) across periods and sites compared to the current practice (6 – 41 t/ha) and 

major benefit is found in high altitude AESs and in the mid-century period. Future climate change 

will also resulted in change in water limited potential yield that ranges from –7 t/ha (in AES3) to 

40 t/ha (in AES5) in mid-century climate period under RCP8.5. Adaptation option assessment 

results showed that switching to late maturing variety (-15.4%–180.3%), delayed (June 01) 

planting time (4.7 – 21.8%) and high nitrogen (120 kg/ha) rate (9.55–28.8%) gave better results. 

Adaptation role assessment showed that late and mid-planting of late variety with higher nitrogen 

rates had positive impacts under the current climate and strong adaptation impact in the near-term 

period. In the mid-century climate period, mid-planting of both varieties with higher nitrogen rates 

had impact in the current climate with adaptation role in the future climate. Thus, moving the 

planting time to mid-planting time would have strong adaptation role and minimize GHG 

emissions, thereby balances trade-off between productivity and mitigation activities.  

Keywords: Adaptation, climate change, climate extremes, crop simulation model, maladaptation, 
simulation 
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Background Justification 

Climate change is unequivocal phenomenon globally affecting many systems including 

agriculture. Depending on the location of the area in the globe, some areas getting drier and 

warmer, and other areas becoming warmer with heavy precipitation and frequent extremes (Gebre 

Hadgu et al., 2015a). The climates of Africa is both varied  range from humid equatorial regimes, 

through seasonally arid tropical regimes, to sub-tropical Mediterranean-type climates and varying 

climates exhibit differing degrees of temporal variability, particularly with regard to rainfall 

(Hulme et al., 2001), and understanding and predicting these spatiotemporal variations has become 

the major challenge.  

Long-term climate change driven alterations in rainfall patterns, rainfall variability, and 

temperature are most likely increase the frequency of droughts and floods in Ethiopia (Samy et al., 

2019). The country's heavy dependence on rain-fed and subsistence agriculture (Cheung et al., 

2008) increases its vulnerability to the adverse effects of these changes (Amogne Asfaw et al., 

2018; Aklilu Mekasha et al., 2014; Belay Simane et al., 2012). More than 80% of the total 

cultivated area (Diro et al., 2011) is directly dependent on summer rainfall and any potential 

change in seasonal rainfall critically influence crop production and the well-being of small holder 

farmers in the region (Suryabhagavan, 2017). Nearly 90% of Ethiopia’s population lives in the 

Highlands (Belay Simane et al., 2012), which include the critical Blue Nile Highlands–a region 

that holds special importance due to its role in domestic agricultural production and international 

water resources (Zaitchik et al., 2012). 

Among the agricultural systems that are affected by climate change impacts, the potato farming 

system is severely affected by the changes and seasonal shifts of climate variables, particularly 

rainfall and temperature. Potato (Solanum tuberosum L.) is the world’s third food crop after rice 

and wheat in terms of human consumption (CIP, 2021; World Potato Congress, 2021). Potato is 

likely to become increasingly important for human nutrition in the future as the ratio of edible to 

non-edible components is much greater than in wheat, rice and maize and because of the high 

potential for increased production in many parts of the world. It is one of the major food and cash 

crops in Ethiopia especially in the high and mid-altitude areas (Yazie Chanie et al., 2017; Abebe 

Chindi, 2019). Main season potato production in Ethiopia shows a slow growth from 37,000 ha to 
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70,000 ha in 18 years (2001–2019) with the increase in average productivity from10.50 to 14.6 

tons, and the area coverage increased by about 1400 ha every additional year with 0.38 t/ha 

productivity increment every year. However, the regional area coverage showed a decreasing trend 

by about 42 ha every year though productivity showed an increasing trend (0.53 additional tone 

yield per ha per year) (CSA, 2020, 2019, 2017, 2016, 2015).  

In East Gojam Zone, about 4500 ha of land is covered by potato during the main season with 

average productivity of 13.8 – 15.4 t/ha (CSA, 2020, 2019, 2017, 2016), and the livelihoods of 

many people in the Choke Mountain Watershed depend on it. Potato holds a huge promise for 

improving the livelihoods of hundreds of thousands of smallholder farmers in Ethiopia’s risk-

prone highlands (Abebe Chindi, 2020). It has a promising prospect in improving the quality of the 

basic diet in both rural and urban areas of the country. 

Despite the potential to expand potato production, its cultivation is hindered by multiple factors 

including genetic, climatic, agronomic, and edaphic factors, and climate change induced 

challenges will be an added challenge for the sector. Potato is sensitive to high temperature, 

moisture deficit, and frost (Yibrah Gebremedhin and Araya Alemie, 2015; Haverkort and 

Verhagen, 2008; Rykaczewska, 2015) that makes its productivity very low as compared to its 

genetic potential. 

Potato production will influence future climatic changes. The study area climate of the twenty-

first century is likely to change, resulting in warmer summers, wetter winters and more variable 

patterns of rainfall and temperature, and its extremes (Dereje Ademe et al., 20201, 2020). The 

major cause of this climate change is the increasing concentration of atmospheric carbon dioxide 

(IPCC, 2007). The ambient concentration has increased from 280 ppm in pre-industrial times to 

current levels of about 370 ppm and is expected to reach 540–970 ppm by the end of the twenty-

first century if emissions continue at current rates (IPCC, 2001). These changes will affect the 

growth, development and yield of most important agronomic crops including potato since the 

sector is deeply interconnected with weather and climate; the main drivers of agricultural 

production (Roudier et al., 2011). A seasonal rise in temperature will increase the developmental 

rate of the crop resulting in an earlier harvest, and heat stress may result in negative effects on crop 

production (Wolf and Van Oijen, 2002), and conversely, increased rainfall in drier areas may 

increase the growth and development of the crop that result in higher yields. Moreover, hundreds 
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of experiments, under laboratory or controlled environmental conditions, have shown that elevated 

CO2 generally enhanced crop yields, though the increases in yield achievable under elevated CO2 

are highly species-dependent (Kimball, 1983). Generally, change in climate elements affected crop 

management practices, crop yields, farm return and profitability, and distributions and populations 

of potato diseases (Southworth et al., 2000). The climate change events expected to continue in 

the 21st century (IPCC, 2001) and that will affect the potato yield though the magnitude and type 

of effect showed high spatial and temporal variability.  

Considerable climatic and topographic variability in the East African region will bring much 

spatial and temporal variation in the response of crops to climate change (Thornton et al., 2010, 

2009). One of the areas found in the region with such high variability is the Choke Mountain 

Watershed of the upper Blue Nile that is characterized by unpredictable and erratic rainfall, 

depleted wetlands and ground water, and increased mean temperature ( Belay Simane et al., 2013, 

2012). These phenomena have an overriding effect on the expansion and productivity of potato in 

the area which has a negative consequence on the livelihood and food security of the residents in 

the area. 

Climate change is an unequivocal phenomenon (IPCC, 2001) and future climate change and 

variability are expected to continue (Daccache et al., 2011) that will affect the yield and quality of 

potato (Southworth et al., 2000). Both positive and negative impacts of climate change and 

variability are expected on potato production and various adaptation options have been proposed 

to offset the negative and tap the benefits of positive impacts (Southworth et al., 2000) that can 

improve the resilience of crop systems to stresses induced by climate change (Yin, 2013). To 

minimize the negative impacts and to realize the opportunities, understanding, and proper planning 

for adaptation is the annoyance of researchers and policy makers.  

Climate change impacts driven food insecurity risk reduction is one of the major challenges of the 

21st century (Wollenberg et al., 2016). This task mainly required selection of  appropriate 

adaptation options (Haverkort and Verhagen, 2008; Singh et al., 2014; Yin, 2013) to offset the ill 

effects of climate change and harness the benefits of positive impacts thereby producing enough 

food for the alarmingly booming population (Daccache et al., 2011; Van Wart et al., 2013). This 

calls an urgent need for system-level research for better interpretation of the response of crops to 
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these studies showed yield reduction and increment in different areas with various intensities. 

However, most of these studies were conducted at the global/regional level (Challinor et al., 2009), 

mainly in the developed world and the results are difficult to apply to specific regions that have 

diverse climate and topographic variability within a small area, like the Choke Mountain 

Watersheds (Belay Simane et al., 2013, 2012).  

1.1.1 Overview of climate change and its impacts on crop production 

Climate change is the long-term changes in mean temperature, annual precipitation, and weather 

events such as storm frequency or intensity. It refers to a statistically significant variation in either 

the mean state of the climate or its variability, persisting for an extended period (IPCC., 2001; 

Senapati et al., 2013). It may occur due to either natural internal processes or external forcing or 

to persistent anthropogenic changes in the composition of the atmosphere or land use (Lavell et 

al., 2012).  

Atmospheric carbon dioxide (CO2) concentration has increased from 280 ppm in preindustrial 

times to 370 ppm today (Allen and Prasad, 2004). The world temperature is predicted to increase 

by 1.2–1.8OC and 2.1–3.2OC in 2010–2039 and 2040–2069, respectively (Hijmans, 2003). 

Continuous increase of temperature, the cumulation of extreme weather phenomena, crop failure, 

polar cap melting, changes of the planet’s ecology, the intensity of tropical cyclones and heavy 

precipitation events, and spreading of diseases are more expected in the 21st century (IPCC, 2012, 

2007a). Meanwhile, the proportions of arid land are projected to increase, in addition to a tendency 

for drying during summer, especially in the subtropics, low and mid-latitudes (WMO-UNEP, 

2008), and droughts will intensify in some seasons and areas in the 21st century due to reduced 

precipitation and/or increased evapotranspiration (IPCC, 2012). 

Crop production is a business conducted under prone and uncontrolled natural environments, and 

thus, environmental (biotic and abiotic) factors play a significant role in its success or failure. 

Among the most important environmental factors, climate elements (particularly rainfall and 

temperature) are the most critical (Mo et al., 2009). Climate change and variability are now notable 

phenomenon (IPCC, 2001), and under the variable and changing climate crop failure and loss of 

crop production are unavoidable.  

Climate variability and climate extremes are already having impacts on agricultural production 

systems and future changes associated with it will present additional challenges (Easterling et al., 
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2000). Climate change threatens agriculture biodiversity; IPCC (2007a) projected that approxi-

mately 20–30% of plant and animal species assessed so far are likely to be at increased risk of 

extinction if increases in global average temperature exceed 1.5–2.5°C from 1980–1999 levels. 

Moreover, the range of crop weeds, insects, and diseases is projected to expand to higher latitudes 

(Rosenzweig et al., 2013). More areas in the globe will become arid thus drought is expected to 

expand and floods will also be a threat for crop production because of torrential rain (IPCC, 2012). 

Climate change and variability affect crop production by influencing atmospheric CO2 

concentration, temperature, precipitation, solar radiation, and soil characteristics among other 

things which are all direct or indirect inputs for production (Zerihun G.Kelbore, 2012; Mo et al., 

2009). Crop production will be affected by changes in the absolute values of these climatic 

variables and/or increased variation (Lobell et al., 2006; Medany, 2006). Episodic temperature 

changes exceeding the thresholds during the pollination stage of development could be quite 

damaging to crop production because of the sensitivity of crops to temperature extremes during 

this growth stage (Hancock et al., 2014). These changes coupled with variable precipitation that 

places the plant under conditions of water stress would exacerbate the temperature effects (Levy 

et al., 2013). Warmer temperatures during the night, especially during the reproductive period, 

will reduce economic yield because of the rapid rate of development and increased respiration 

rates (Hancock et al., 2014). 

Agricultural and food systems globally face considerable challenges in the coming decades. The 

demand for food continues to increase rapidly, because of various drivers (Thornton et al., 2011). 

Even more challenging, the necessary increases in food production will have to occur at the same 

time as the climate is changing and as climate variability increases (IPCC, 2007a).  

1.1.2 Applications of models in climate change impacts and adaptation assessment 

A model is a simplified representation of a system or a process and a crop model is a simple 

representation of a crop (Rosenzweig et al., 2013). Modeling is the use of equations or sets of 

equations to represent the behavior of a system (Darko et al., 2018), and it is based on the 

assumption that any given process can be expressed in a formal mathematical statement or set of 

statements (Atakora et al.., 2014; Wallach et al., 2014).  

Crop simulation models are computerized representations of crop growth, development, and yield, 

simulated through mathematical equations as functions of soil conditions, weather, and 
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management practices (Hoogenboom et al., 2010) and act as a surrogate laboratory (Challinor et 

al., 2009). They are particularly important to understand climate change and its impacts (Haris et 

al., 2015), as they are tools for systems research that help in solving problems related to crop 

production (Atakora et al., 2014). These models combine knowledge of crop characteristics and 

their interactions with environmental variables and have been developed for calculating yield 

levels of crops under well-specified conditions. These tools are vital for agronomic research 

because of their ability to extrapolate the temporal patterns of crop growth and yield beyond a 

single experimental site, thus can be used to gain new scientific knowledge of crop physiological 

processes or to evaluate the impact of agronomic practices on farmers’ incomes and environments 

(Kumara et al., 2015; Zhang et al., 2016). Though crop models are only an approximation of the 

real world and many do not account for some important factors (Jones et al., 2001), they have 

played important roles in the interpretation of agronomic results, and their application as decision 

support systems for farmers is increasing (Dufková, 2008; Royce et al., 2001). Suitably tested crop 

models in reasonably diverse space and time serve as a critical tool for testing and evaluating 

combinations of management strategies to reach multiple goals required for sustainable crop 

production. They can provide land managers and policy makers with a tool to extrapolate 

experimental results from one location to others where there is a lack of response information.  

Agricultural production is significantly affected by environmental factors (Southworth et al., 2000) 

including weather that influence crop growth and development and cause large intra-seasonal yield 

variability (Eggen et al., 2019; Southworth et al., 2000). Moreover, spatial variability of soil 

properties with weather interaction causes spatial yield variability. Crop agronomic management 

practices including planting, fertilizer application, irrigation, tillage, etc. can be used to offset the 

yield loss due to the effects of weather.  

Anticipating the potential situations of the future climate and proposing an adaptation mechanism 

has paramount importance to increase crop production then to feed the alarmingly booming world 

population (Affholder et al., 2013b; Daccache et al., 2011). Prediction of climate change and 

variability effects and optimizing management practices for the future is unlikely to achieve under 

conventional agronomic research approach (Darko et al., 2018), and the viable avenue is 

conducting computer experiments that can simulate the future situations, and this can be achieved 

through the use of crop models.  
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Potential impacts of climate change on agricultural production have been assessed in several 

modeling studies, using methods grounded in an understanding of both crop and climate science 

(Alagarswamy et al., 2006; Bidogeza et al., 2012). The inherent complexity of the climate–crop–

environment system, together with fundamental limits to climate predictability, mean that 

predicted ranges for major crops depend strongly on the methods and models used. 

The challenges for agricultural development are already considerable, and there is now general 

concern that climate change and increasing climate variability will complicate them in vulnerable 

areas (Cairns et al., 2013; Chijioke et al., 2011; Southworth et al., 2000). The interactions of 

climate with other drivers of change in agricultural and food systems, and on broader development 

trends understood partially, but the impacts on human health and nutrition and water resources and 

other ecosystems goods and services may be locally severe (Rosenzweig et al., 2013). 

Generally, the use of simulation models play a pivotal role in quantifying climate change impacts 

on crops, estimating potential yields, and yield gaps and their principal causes, forecasting future 

yields, estimating impacts of climate change and variability, and optimizing management options. 

Some of the most important applications of crop simulation models are described below. 

Quantification of climate change and variability effects on crop production: Given the 

accumulating evidence of climate change all over the world, there is an urgent need to develop 

more climate-resilient crop production systems (Yin, 2013). Adapting crop production systems to 

future climates requires the ability to predict future climate conditions and to determine crop 

responses to climate change and set priorities for adaptation strategies (Heidmann et al., 2008; 

Belay Tseganeh et al., 2015). The use of crop models allows scientists to set the “what if” questions 

thereby to develop the scenario and potentially predict the magnitude of climate change and 

variability effects on crop production in different regions. These tasks will provide an insight about 

the possible outcomes of different management options thereby producers will harness the possible 

benefits and minimize the negative impacts of climate variability and change (Haverkort and 

Verhagen, 2008; Singh et al., 2014). Several modeling studies have assessed the potential impacts 

of climate change on agricultural production and results all over the world showed the effect of 

climate change on future crop production. Gebre Hadgu et al. (2015b) analyze climate change in 

Northern Ethiopia and reported annual rainfall reduction in 70% and 60% of the stations by 2030 

and 2050, respectively with a potentially negative effect on crop yield. A simulation study 
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conducted in the Central Rift Valley of Ethiopia also reported a 20% maize yield reduction in 

2050 compared to the 1980–2009 period (Belay Tseganeh et al., 2015). Belay Tseganeh et al. 

(2014) also assessed climate variability and change in the central rift valley of Ethiopia and 

reported that projection of future annual and seasonal rainfall in the area is most likely to decrease 

with shortened growing season thereby would be a major risk for rainfed agriculture. A global 

simulation study also showed that global potential potato yield decreases by 18% to 32% by 2050 

(Hijmans, 2003). A simulation experiment to quantify the effect of sub-seasonal rainfall 

distribution in the lower elevation part of the Choke Mountain Watersheds also verified sorghum 

yield is highly sensitive to sub-seasonal rainfall distribution in the area (Eggen et al., 2019). Kindie 

Tesfaye et al. (2015) used bioeconomic models to estimate the biophysical and socioeconomic 

impact of climate change on maize production in SSA and reported that climate change will affect 

maize yields across SSA in 2050 and 2080. Evaluation of the impact of climate change on six 

major perennial crops in California by using outputs from multiple climate models revealed that 

climate change will reduce yields of perennial crops up to 40% by 2050 if appropriate adaptation 

measure is not in place (Lobell et al., 2006). A simulation experiment in the central rift valley of 

Ethiopia showed that maize yield decreased by 20% in the 2050s relative to the baseline (1980–

2009) due to climate change (Belay Tseganeh et al., 2015). 

Assessment of climate change adaptation options: Ecophysiological models are widely used to 

forecast potential impacts of climate change on future agricultural productivity and to examine 

options for adaptation by local stakeholders and policy makers (Feenstra et al., 1998; Rosenzweig 

et al., 2013). Hijmans (2003) reported that global potato yield loss due to climate change will be 

reduced from 32% to 9% if appropriate adaptation is practiced. Belay Tseganeh et al. (2015) also 

used simulation models and reported that shifting planting dates, irrigation application, and 

changing nitrogen rates can serve as adaptation options for climate change impacts of maize 

production in the Central Rift Valley of Ethiopia. Thus, without the use of such models, it is 

unlikely to predict the future crop yield under various scenarios and forward appropriate adaptation 

options under a changing climate. Therefore, simulation model analysis allowed estimating climate 

change impact and adaptation uncertainties, which can provide valuable insights and guidance for 

adaptation planning. 
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Estimation of potential yields: Potential yield is the yield of a cultivar when grown in environments 

to which it is adapted, with nutrients and water non- limiting and with pests, diseases, weeds, 

lodging, and other stresses effectively controlled (Evans and Fischer, 1999).  Under the natural 

environment, it is very difficult to avail ideal conditions, and the use of crop simulation models 

allows estimation of the potential yield of a given crop under optimum growing conditions by 

setting all the management, water, and soil conditions as ideal (Hoogenboom et al., 2012). Process-

based crop models estimate crop yield based on daily gains in biomass production by taking into 

account all known interactions between physiological processes and environmental conditions. 

Many researchers used crop simulation models to estimate the potential yield of a given crop. Van 

Wart et al. (203) use crop models to estimate the potential yields of rice, wheat, and maize varieties 

in China, Germany, and the US respectively. Tang et al. (2018) also use a dynamic crop model to 

estimate the potential yield of wheat.  

Estimation of yield gaps, principal causes, and their contribution: Yield gap is the difference 

between the yield under optimum management (potential yield) and the average yield achieved by 

farmers. Crop yield is simulated for the potential (Yp) and the water-limited (Yw) situation and is 

expressed in dry weight (0% moisture) to estimate the yield gap (Evans and Fischer, 1999). 

Understanding the potential yield of the crop in the region of interest and the gap between the 

potential yield and the actual yield obtained by the growers has paramount importance for the 

improvement of crop management practices. Crop simulation models have been used to estimate 

the yield gaps and the contributing factors for the gap. Singh et al. (2006, 2001) determines the 

yield gap of soybean crops for several locations in Asia using a simulation model and reported a 

19–25% yield gap. FAO (2015) also presented many results that analyze yield gaps using crop 

models across the globe. This analysis helps to know the major factors causing the difference 

between the actual and the attainable yield for a given site. They also identified various constraints 

limiting the crop yields in these regions and suggested location-specific integrated approaches to 

bridge the yield gap of the predominant crops grown in the target regions. Because process-based 

models explicitly include plant physiology, agro-climatic conditions, and biochemical processes, 

these models can simulate both temporal and spatial dynamics of crop yields thus have higher 

extrapolation potential than empirical models (Sawasawa, 2003). 
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Yield forecasting: Yield forecasting is the art of predicting crop yields and production before the 

harvest takes place. It relies on crop models that describe the plant-environment interactions in 

quantitative terms. Crop models attempt to simulate plant-weather-soil interactions using 

information and data on the most important factors that affect crop yields (model inputs). Then, 

after passing through the model, the inputs are converted to several outputs. The yield of a given 

crop can be forecasted in areas that were not grown previously, or in future climatic situations. An 

important component in any crop yield forecasting system is the screening and analysis of 

statistical data on crop yield. Moreover, for yield forecasting purposes it is necessary to understand 

the inter-annual variability of crop yields and to determine if one or more indicators can explain 

this variability. These indicators used to predict crop yield early in the growing season. Such 

indicators often derived from weather data, satellite information, or crop models. Basso (2013) 

gave a detailed review on the role of simulation models for yield forecasting purposes. Boons-

Prins et al. (1993) describes a simulation model used to forecast yields of many crops grown in 

Europe.  Crop growth models can be used to predict crop performance in regions where the crop 

not grown before or not grown under optimal conditions. Such applications are of value for 

regional development and agricultural planning in developing countries (Rauff and Bello, 2015). 

Optimizing management: Management optimization like changing crop cultivar, changing plant 

population, changing planting dates, changing rate and amount of inputs like fertilizer and 

irrigation are the most important adaptation options for climate change and variability impacts 

(Hijmans, 2003). Crop models used to predict the response of crops to different management 

practices and optimize it. Royce et al. (2001) described the importance of simulation models for 

investigating optimal combinations of management practices. Belay Tseganeh et al. (2015) 

assessed the increase in nitrogen fertilization and use of irrigation for climate change adaptation 

on Maize production. They reported that the response of yields to increased fertilizer and irrigation 

will be less for climate change scenarios than under the baseline, and changes in planting dates 

also reduced negative impacts while changing the maturity type of maize cultivars was not 

effective in most scenarios. Laux et al. (2010) also tested planting dates to evaluate the effect of 

increasing CO2 and higher temperature on groundnut and maize and found that changing planting 

dates were beneficial for the driest locations because of the more effective use of precipitation and 

avoidance of high-temperature stresses. Hijmans (2003) (Hijmans, 2003) also simulated the yield 

of potato under the future climate with changing planting time, use of late-maturing cultivar and 
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shift of the location of potato production, and reported that the potato yield reduction under the 

future climate was 50% lower when adaptation is done compared to the yield reduction where 

adaptation is not practiced.  

Generally, many model-based simulation researches have conducted to estimate the impact of 

climate change and to evaluate different adaptation measures and reported yield reduction and 

increment in different areas with various intensities. Most of these studies were conducted at the 

global/regional level (Challinor et al., 2009 ), mainly in the developed world and the results are 

difficult to extrapolate to specific regions that have diverse variability within a small area, like the 

Choke Mountain Watersheds. Moreover, before the model is used for intended purposes, 

estimation of genetic coefficients is critical (Endalew Assefa, 2019), and evaluating the 

performance of the model in a target area is essential (Dufková, 2008; Wang et al., 2002). In this 

research, SUBSTOR-potato (DSSAT) was used to estimate the impacts of climate change on 

potato production and to assess potential adaptation options thereby designing appropriate 

resilience mechanisms in the study area. SUBSTOR-Potato model was selected for the present 

study as it considers the effect of temperature and photoperiod responses in addition to radiation 

response, which found in many simulation models for potato. Moreover, the present study also 

considers the pessimistic (climate change will continues in the future like the current rate, RCP8.5) 

and optimistic (climate change will be checked but the backdrop effect will continue, RCP4.5) 

climate scenarios in the future periods to provide robust information for  

1.2 Objectives of the Study 

1.2.1 General objective 

The overall objective of this study was to quantify the impact of climate change and to evaluate 

management options for better adaptation and resilience of the potato cropping system in the study 

area. 

1.2.2 Specific objectives 

1) To analyze the retrospective and prospective climate in the Choke Mountain Watershed 

2) To calibrate and evaluate the SUBSTOR-Potato (DSSAT) model in the Choke Mountain 

Watershed 
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3) To estimate the spatiotemporal impact of climate change on potato production in the 

Choke Mountain Watershed 

4) To identify and evaluate different crop management options for  potato production under 

the changing climate in the Choke Mountain Watershed 

To address these objectives the following analytical framework (Fig.1.1) was used to create a map 

that showed the link between objectives.  

 
Figure 1.1. Analytical framework used in the present study 

Four qualitative storylines yield four sets of scenarios called “families”: A1, A2, B1, and B2. Each 

storyline assumes a distinctly different direction for future developments, such that the four 

storylines differ in increasingly irreversible ways. Together they describe divergent futures that 

encompass a significant portion of the underlying uncertainties in the main driving forces. They 

cover a wide range of key “future” characteristics such as demographic change, economic 

development, and technological change. For this reason, their plausibility or feasibility should not 

considered solely based on an extrapolation of current economic, technological, and social trends.  
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The A1 storyline and scenario family: describes a future world of very rapid economic growth, 

global population that peaks in mid-century and declines thereafter, and the rapid introduction of 

new and more efficient technologies. Major underlying themes are convergence among regions, 

capacity building, and increased cultural and social interactions, with a substantial reduction in 

regional differences in per capita income. It develops into three groups that describe alternative 

directions of technological change in the energy system: fossil intensive (A1FI), non-fossil energy 

sources (A1T), or a balance across all sources (A1B).  

The A2 storyline and scenario family: describes a very heterogeneous world and the underlying 

theme is self-reliance and preservation of local identities. It assumes that global population 

continuously increasing due to low convergence of fertility patterns across regions. It further 

describe that economic development is primarily regionally oriented and per capita economic 

growth and technological change are more fragmented and slower than in other storylines.  

The B1 storyline and scenario family: describes a convergent world with the same global 

population will follow similar pattern of the A1 storyline, but with rapid changes in economic 

structures toward a service and information economy, with reductions in material intensity, and 

the introduction of clean and resource-efficient technologies. The emphasis is on global solutions 

to economic, social, and environmental sustainability, including improved equity, but without 

additional climate initiatives.  

The B2 storyline and scenario family: describes a world in which the emphasis is on local solutions 

to economic, social, and environmental sustainability. It is a world with continuously increasing 

global population at a rate lower than A2, intermediate levels of economic development, and less 

rapid and more diverse technological change than in the B1 and A1 storylines. While the scenario 

is also oriented toward environmental protection and social equity, it focuses on local and regional 

levels.  

From these storyline and scenario family two divergent families (B1 and A2) were selected for the 

present study to consider the worst (A2) and optimistic scenarios (B1). These traditional scanrio 

processes where then translated to reverse scenario processes called representative concentration 

pathways (RCPs). From the list of RCPs, RCP8.5 and RCP4.5 selected to represent the A2 and 

B1storylines, respectively. RCP8.5 considers the continued dependency on fossil energy with high 

population growth that create intense pressure on the globe and much warming will be experienced 
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in the 21 century which resulting in a rising radiative forcing pathway leading to 8.5 watt per 

square meter.  RCP4.5 assumes that global concern about climate change is increased and much 

effort will be excreted to reduce population growth and energy policies will incline towards 

renewable sources whereas, the balance between economy and environmental protection will 

improved. Despite these efforts, backdrops of historical warming will increased until the mid of 

the 21st century and will resulted in a rising radiative forcing pathway leading to 4.5 watt per square 

meter. After selecting these two RCPs, daily data from two Climate Model Intercomparison Project 

– phase 5 (CMIP5) GCMs that showed good performance for climate teleconnections, seasonality 

and amount of rainfall in the study area with contrasting nature (MIROC5 – wet biased and IPSL 

– dry biased) were taken in the NEX-GDDP (Nasa Earth Exchange – Global Daily Downscaling 

Projection) dataset from 1981 – 2095 years. This dataset was a 25 km * 25 km gridded dataset 

which coarse and not optimized for the study region. Another 4 km * 4 km gridded data from the 

ENACTS (Enhanced National Climate Services) dataset was taken from the National 

Meteorological Services Agency (NMSA) of Ethiopia.  The projected NEX-GDDP dataset was set 

bias corrected using ENACTS dataset using delta method for temperature and multiplication ration 

for rainfall data. Historical climate analysis was performed using the ENACTS dataset and 

projection period climate analysis was performed using the bias corrected NEX-GDDP dataset. 

Field measurement for crop weather, soil and management data was performed and using for 

model calibration and evaluation studies. Simulation studies were performed using and calibrated 

and evaluated model for yield gap studies, climate change impact estimation and adaptation 

studies. Form the various analyses, climate change and its impacts are estimated, and yield gap as 

well as best climate change adaptation options are identified for different climate periods, 

agroecosystems and scenarios.  

1.3 Hypotheses 

The hypotheses to be proven by the present study were listed below: 

The changing climate in the study area is affecting and will going affect  potato production and 

productivity, and various adaptation options would have a role in minimizing the impact of climate 

change.  
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Specific hypotheses 

1) Retrospective and prospective climate in the Choke Mountain Watersheds would be 

changed  

2) The SUBSTOR-Potato (DSSAT) model would perform very well to simulate potato yield 

in the Choke Mountain Watershed 

3) Climate change would have spatiotemporal impacts on potato production in the Choke 

Mountain Watersheds 

4) Change in planting time, nitrogen rate, and variety in potato production would lessen  the 

impact of climate change  in the Choke Mountain Watersheds 

1.4 Organization of the Paper 

This dissertation is divided into eight chapters.  

Chapter one– is about the general introduction part which provides background information. It 

describes the theoretical information about climate change and approaches to estimate and manage 

it. It also provides what works have been done and the achievements obtained so far. The chapter 

also stated the objectives and hypothesis of the study. 

Chapter two– describes the general materials used and methods followed viz. experimental site 

descriptions, planting materials, data acquisition methods, data quality control methods are 

explicitly mentioned. 

Chapter three– covers climate trends (using Mann Kendall trend test and Sen’s slope estimator 

technique) and climate variability (using coefficient of variations, precipitation concentration 

index, rainfall anomaly index, temperature anomaly) in various agroecosystems which resides in 

the Choke Mountain Watersheds. 

Chapter four – addresses trends (using Mann Kendall trend test and Sen’s slope estimator 

technique) of agriculturally relevant climate extreme indices both in the historical (1981–2017) 

and projected (2017–2050 and 2051–2095) periods in various agroecosystems which resides in the 

Choke Mountain Watersheds. 

Chapter five – deals with the analysis of agriculturally relevant rainfall characteristics and their 

trends. Interpolation of the events was also done in this section. 



17 
 

Chapter six – address the performance evaluation of the SUBSTOR-potato (DSSAT) model and 

estimation of climate change impact assessment for the study area. Here determination of genetic 

coefficients of three potato varieties and evaluation of the model using various statistical indices 

have been covered. After determining the genetic coefficients and evaluation of the performance 

of the models for further study, potential yield estimation and yield gap analysis were performed. 

Finally, estimation of the impacts of climate change were performed for each site and climate 

periods. 

Chapter seven – deals with assessment of the contribution of different management practices to 

climate change adaptation and current climate impacts. 

Chapter eight – presents the conclusions, recommendations for future research works. Clear 

conclusions made from the present study as a whole, the implications of research, and some 

suggestions for future studies. 
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Alemayehu and Woldeamlak Bewket, 2017a; Tufa et al., 2016, 2014). For this study, the Ethiopian 

National Meteorological Agency provided ENACTS data for 36 locations in the Choke Mountain 

Watersheds. We compared ENACTS estimates to station data at selected sites and found good 

agreement (Appendix Table 3.6). ENACTS data were selected for the analysis because (1) stations 

over the study area are sparse (Arragaw Alemayehu and Woldeamlak Bewket, 2017a) and didn’t 

cover all the study sites (2) station datasets have many missing values (Amogne Asfaw et al., 

2018), and (3) most stations are recently established and did not have sufficient data records to 

support trend analysis (Arragaw Alemayehu and Woldeamlak Bewket, 2017a; Amogne Asfaw et 

al., 2018; Tufa Dinku et al., 2014).  

GCM outputs used in this study are drawn from the NEX-GDDP archive, which is a collection of 

downscaled CMIP5 simulations with resolution 0.25° x 0.25°. The producers used to prepare the 

dataset are detailed in (Thrasher et al., 2012). Model output used for projecting future trends was 

obtained from two GCMs that have demonstrated the ability to capture climate teleconnections 

relevant to the Ethiopian Highlands: MIROC5 and IPSL CM5A LR (Bhattacharjee and Zaitchik, 

2015). GCM-derived estimates of daily precipitation and minimum and maximum temperatures 

were obtained from the NASA Earth Exchange Global Daily Downscaled Projections (NEX-

GDDP) dataset (Thrasher et al., 2012; van Vuuren et al., 2011).  

We note that these two GCMs do not perform particularly well on conventional metrics of bias 

concerning historical observations, but the fact that they can capture some elements of large-scale 

climate influence on the region suggests that they are reasonable choices for generating future 

projections (Siam and Eltahir, 2017). In addition, the models were selected because the available 

realizations of the two models diverge significantly from one to another. In this sense, the two 

capture a sense of the uncertainty present in climate projections for the region. The NEX-GDDP 

data have been corrected for biases using bias-correction and spatial disaggregation (BCSD), 

including empirical quantile mapping (Cannon, 2018; Maraun, 2016; Navarro-racines et al., 2020; 

Piani et al., 2010; Thrasher et al., 2012). However, as the NEX-GDDP bias correction is limited 

by its reliance on a global reference dataset that is not optimized for Ethiopia, we perform a second 

bias correction to adjust NEX-GDDP to ENACT using an additive (delta) method for temperature 

and multiplication ratio for precipitation data (Berg et al., 2012) to make GCM results statistically 

consistent with observations, to allow us to quantify their projected changes. 
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Abstract  

Analysis of climate variability and trends frequently takes place at a large scale. For agricultural 

applications, however, highly localized climate conditions can be critically important. This 

certainly applies to tropical highland regions, where dissected topography and convectively 

dominated precipitation processes can lead to strong variability in both mean climate conditions 

and year-to-year climate variability. This study examines recent climate variability and trends 

(1981-2016) on Choke Mountain, located in the western Ethiopian Highlands. Through analysis 

of precipitation and temperature records at monitored locations, we explore observed variability 

in climate patterns and trends across sites and seasons. The lens for our spatial analysis is the 

agroecosystem (AES), defined based on prevailing climate and cropping systems, which currently 

serve as the foundation for climate adaptation planning in the region. We find that interannual 

temperature variability is greatest in the hottest, driest AES, and is most pronounced in the dry 

season. All AES warmed significantly in all seasons over the analysis period, but the magnitude 

of the trend was greatest in high elevation AES. Precipitation variability was also large across 

AES, with the largest interannual variability found in the dry season. This season is frequently 

excluded in climate analyses, but it is a critical harvest time and irrigation period. Trends in rainfall 

anomaly and precipitation concentration index are less clear, but there is a tendency towards drying 

and increasing irregularity of rainfall. Interestingly, we find little association between the El Niño 

Southern Oscillation (ENSO) and temperature or precipitation variability at our study sites. This 

suggests that even though ENSO is a widely recognized driver of large-scale rainfall variability in 
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the region, its impacts are highly spatially variable. This has implications for applying ENSO-

based precipitation outlooks to agricultural management decisions. Farmer interviews reveal those 

local perceptions of climate variability and trends are generally consistent with the objective 

observations.  

Keywords: Adaptation, Climate change, Climate variability, Mann-Kendal test, Sens’ slope, 
Trend analysis 

3.1 Introduction 

Climate variability has long posed a challenge to Ethiopia, affecting agricultural productivity, 

economic growth, and food security (Conway and Schipper, 2011; Tigchelaar et al., 2018). 

Subsistence farmers are particularly vulnerable to climate variability on account of their low 

adaptive capacity (Amogne Asfaw et al., 2018; Aklilu Mekasha et al., 2014) and dependence on 

consistent year-to-year agricultural production (Schlenker and Lobell, 2010). Climate change is 

expected to exacerbate variability in rainfall and temperature in Ethiopia, potentially increasing 

farmer exposure to climate-related hazards (Ayanlade et al., 2018; Samy et al., 2019) and 

associated food insecurity (Belay Simane et al., 2016).  

These projections, however, are generally made at a broad spatial scale and refer to general patterns 

across a region. This study focuses on a highland region in Ethiopia. In these highlands, strong 

topographic contrasts lead to high spatial variability in climatic conditions. This includes 

differences in mean climate conditions, ranging from dry valleys to cool and wet alpine zones over 

distances of just tens of kilometers, and also a low correlation in temporal variability in climate, 

particularly rainfall (Belay Simane et al., 2012; Zaitchik et al., 2012). Given these contrasts, it is 

not clear how general statements about trends under climate change play out at the community or 

farm scale. Farmers in this region are dependent on rainfed subsistence agriculture (Belay Simane 

et al., 2012) and rainfall variability can lead to significant loss of yield and food insecurity 

(Ashbindu, 2008; Brown et al., 2017; Eggen et al., 2019; Simane et al., 2016).  

Robust information is thus needed to better understand variability and trends in meteorological 

variables at a fine spatial scale. The need for such local analysis has been recognized in Ethiopia 

(Gebre Hadgu et al., 2015a) and many other regions (e.g., Gocic and Trajkovic, 2013). These 

analyses have been applied to inform adaptation options for the agricultural sector (Alemayehu 

and Bewket, 2016, 2017) and as a basis for understanding, climate change impacts more generally 
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(Amogne Asfaw et al., 2018; Mekonnen Adnew and Woldeamlak Bewket, 2014; Jain and Kumar, 

2012; Daniel Mengistu et al., 2014; Alemseged Tamiru et al., 2013). Our study focuses on the 

watersheds of Choke Mountain, located in the western Ethiopian Highlands at the headwaters of 

the Blue Nile River. While several studies have examined climate variability and trends at national 

scale in Ethiopia, or for selected regions (Arragaw Alemayehu and Woldeamlak Bewket, 2017b; 

Amogne Asfaw et al., 2018; Daniel Mengistu et al., 2014; Samy et al., 2019; Cheung et al., 2008) 

no study has examined trends in our study area in local detail. Relying on coarse analyses to inform 

climate adaptation in a topographically dissected, climatically diverse region such as this can lead 

to misconceptions about local climate exposures (Arragaw Alemayehu and Woldeamlak Bewket, 

2017a; Aklilu Mekasha et al., 2014), and potentially lead to the introduction and implementation 

of ineffective technologies. Therefore, local-level analysis is required to draw context-specific 

climate change adaptation interventions (Arragaw Alemayehu and Woldeamlak Bewket, 2017a; 

De Beurs et al., 2009). In addressing local climate conditions on Choke Mountain, we recognize 

the need for appropriate spatial and seasonal framing for the analysis. Spatially, we want to capture 

local diversity, which is so significant in the area, but we also need to provide analysis at a scale 

that can credibly and usefully be applied to adaptation decision making. This requires some spatial 

generalization. Building on previous work (Belay Simane et al., 2013), we choose the 

agroecosystem as the most appropriate spatial frame for analysis. The agroecosystem is defined 

based on shared climate conditions, soil type, and cropping practices. As such, it is a more 

meaningful unit than an administrative boundary or river basin when considering adaptation in 

rainfed subsistence agriculture. Seasonally, the region receives two rainy seasons, the small belg 

rains in spring and the main kiremt rains in summer, both of which have significant implications 

for agriculture. Delay in the onset of small rain and main rain season will cause livestock feed 

shortage (Nardone et al., 2010) and early planted crops will be negatively affected (Amogne Asfaw 

et al., 2018; Eggen et al., 2019; Suryabhagavan, 2017; Viste et al., 2013). During the main rainy 

season, weak early season rains reduce coverage and productivity of Maize and Sorghum 

(Mekonnen Adnew and Woldeamlak Bewket, 2014; Eggen et al., 2019). Timing of rain onset and 

cessation also have strong impacts on farm productivity (Arragaw Alemayehu, Woldeamlak 

Bewket, 2016), with early cessation of rain and associated high temperature leading to reduced 

grain filling and yield (Shah and Paulsen, 2003). The dry season is also important, as extended 

rain in the dry season can interfere with harvest operations and result in the loss of produce 










































































































































































































































