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ABSTRACT 
 

The Western Cape (WC) region of South Africa, with its Mediterranean-type climate and 

predominantly winter rainfall, has been identified as highly vulnerable to projected climate 

change within both global and national contexts. The province will experience increasing 

temperatures and reductions in water supply in the future and these have to be adequately 

prepared for in order to mitigate these impacts.  

 

The aim of this study is to develop and apply an integrated approach to quantify the economic 

impact of climate change on the agriculture and water resource sectors of Ceres, in Western 

Cape, South Africa. Although researchers have been able, to model, to a certain extent, the 

impact of climate change on the farm sector using integrated methodology, they have not yet 

included the impact of future change in crop water requirements as well as the impact of 

accumulated chill units. So currently, we do not have empirical knowledge of how the current 

and future change in crop water requirements and accumulated chill units will affect the farm 

structure. Thus in order to accurately quantify the impacts of different adaptation strategies at 

farm level, the existing models need to be adjusted and methodology developed to incorporate 

the impact of temperature. 

 

SAPWAT was used to estimate crop water requirements for the base climate (1971-1990) and 

for the future climate (2046-2065). Results show that crop water requirements will increase as a 

result of projected climate change using the A2 climate change scenario. The water 

requirements for drip are less than that of Sprinkler, because of efficiency differences in the 

irrigation systems. The drip irrigation system is said to be a more efficient irrigation technology.  

It was also confirmed that future crop water requirements for drip irrigation system is still lower 

than the current water requirement under sprinkler. Accordingly, despite substantial increase in 

water requirements, under drip system, the total water requirement will be less under drip 

system compared to sprinkler system. 

 

The Utah model (Richardson) and Daily positive Utah (Infruitec) chill unit accumulation model 

are used to test the hypothesis that winter chill will in Ceres reduce with climate change. Results 

from both models confirmed that climate change will result in reduction of future accumulation of 

chill units. The impact of climate change (projected temperature increase) on chill unit 

accumulation is more pronounced using Richardson model compared to Infruitec model. The 

result shows that it might be difficult to produce some fruit crops in the future in the Ceres region 

owing to insufficient chill that would be accumulated in the future. This will likely require growers’ 

transition to different species or cultivars or develop management practices (planting density, 

pruning practices and irrigation regime) that can help overcome shortages in winter chill.  
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Results from crop water and chill unit models were incorporated into other models to develop 

the Ceres Dynamic Integrated Model. The model was used to simulate various climate change 

scenarios, and the results correspond with what can be expected from the prediction of impact 

on agriculture. The impact of climate change has resulted in changes in area, water use and 

welfare of the farmers in the future climate. Three different sets of adaptation strategies were 

evaluated using the developed integrated model. These three adaptation strategies include; 

availability of farm dam and water right; improving water use efficiency; and increase in water 

tariffs.  

 

Farm dam capacity and winter water allocation seems to be the best adaptation strategy based 

on the results from this research. Giving farmers farm dam capacity alone, however will not 

improve the situation of the farmers, they also need water rights. Caution should be taken when 

considering such an adaptation option. Farm dam is a capital intensive infrastructure and if the 

farm dams don’t fill up, it may worsen the situation of farmers since the high capital cost and 

resulting high unit cost of farm dam water will increase their financial vulnerability. Thus, giving 

farmers farm dam capacity and winter water right could be a good adaptation strategy but other 

issues surrounding its suitability should be considered. Increasing water use efficiency as an 

adaptation option according to analysis done in this study is also a good adaptation option for 

the Ceres farmers. Improved water management practices that increase the efficiency of 

irrigation water use may provide a significant adaptation potential under future climate change. 

Using water more efficiently improves the welfare of the farmers and also saves water for 

optimal irrigation usage. The model results indicate that increasing water tariffs as an adaptation 

strategy to climate change is less effective in the agricultural sector and can even result in a 

negative impact since farmers grow deciduous fruit crops which often use even more water 

irrespective of the tariff regime. Again, the price elasticity of demand for agricultural water is 

very inelastic since they cannot simply stop irrigating or change to deficit irrigation. 

 

Therefore, using water more efficiently will be the best adaptation option based on the analysis 

done in this thesis to help the Ceres farmers cope with the future projected impact of climate 

change. Overall, a change in the farm profile in Ceres can be expected as a result of climate 

change and adaptation thereto.  
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CHAPTER 1 
INTRODUCTION 

 

1.1 BACKGROUND AND MOTIVATION 

 

Amongst the environmental issues facing the world today, climate change is arguably the most 

serious because of the severity of harms that it might bring.  Many aspects of human society 

and well-being in developing countries, i.e. where we live, how we build, how we move around, 

how we earn our living, and what we do for recreation, still depend on a relatively benevolent 

range of climate conditions (Dessler and Parson, 2006).  Many countries are vulnerable to this 

global climate phenomenon because of the potential impact on marginal natural resources 

balance and agricultural productivity (IPCC, 2001). 

 

According to Kaiser and Drennen (1993), the unprecedented levels of climate change predicted 

will have tremendous implications for climate sensitive systems, such as forestry, other natural 

resources, and agriculture.  With respect to agriculture, changes in temperature, precipitation 

and solar radiation will have an effect on the productivity of crop and livestock agriculture.  

Climate change will also have economic effects on agriculture, such as changes in farm 

profitability, prices, supply, demand, trade, and regional comparative advantage.  In addition to 

this, the competitiveness of agriculture may be at risk (Darwin et al., 1995). 

 

Agricultural production, including access to food, in many Africa countries and regions is 

projected to be severely affected by climate variability and change.  The area suitable for 

agriculture, the length of growing seasons and yield potential, particularly along the margins of 

semi-arid and arid areas, are expected to decrease (IPCC, 2007).  Agricultural impact studies 

have shown that climatic changes could potentially alter crop yields at different locations or lead 

to changes in agricultural practices and crop combinations.  The impacts of predicted climate 

changes over the next century on Southern Africa are likely to be very marked indeed 

(Meadows, 2006). 

 

The Western Cape (WC) region of South Africa, with its Mediterranean-type climate and 

predominantly winter rainfall, has been identified as being highly vulnerable to projected climate 

change within both global and national contexts.  Rising temperatures are already detectable 

and are predicted to increase by a further 1–2°C wi thin the next 30 years, together with 

decreasing rainfall, especially in winter.  Increases in temperature in the province may lead to an 
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increase in energy demand and water use, thereby competing with available irrigation water.  In 

recent years, the economy of the region has received an added stimulus from tourism, with visits 

to Cape Town from Europe, Asia, and North America.  Tourism also places stress on scarce 

resources, such as water.  Increasing competition for water has resulted in the construction of a 

number of smaller water storage reservoirs in the last twenty years with limited number of sites 

left for further development.  Thus, the WC will experience increasing temperatures and 

reductions in water supply in the future and these have to be adequately prepared for in order to 

mitigate these impacts. 

 

1.2 PROBLEM STATEMENT  

 

The projected increase in temperature will have an impact on water availability (Mimi and 

Jamous, 2010).  Water resources are of more concern because changes in the water supply will 

affect the water availability for household use, water use in agricultural practices, and the vast 

industrial water demand.  The water demand pressure, driven by population growth, degradation 

of water quality, lack of efficient water management and global temperature surges, accentuate 

water scarcity.  According to an IPCC report (2007), by 2020 between 75 million and 250 million 

people are projected to be exposed to increased water stress owing to climate change.  If 

coupled with increased demand, this will adversely affect livelihoods and aggravate related 

problems.  In addition to the impact on water supply, climate change is also expected to affect 

future winter chill and thus could have a major impact on the fruit species with chilling 

requirements (FAOSTAT, 2009).  All deciduous fruit trees require a certain amount of coldness 

to enter into dormancy (Sheard, 2001).  Various fruit trees must fulfil a chilling requirement to 

break their winter dormancy and resume growth in spring (Luedeling and Brown, 2010).  

Insufficient winter chill can severely affect fruit yields and fruit quality when chilling requirements 

are not fulfilled (Dennis, 2003). 

 

If winter chill decline occurs owing to climate change, production constraints are likely to occur, 

because many trees might not even fulfil their minimum chilling requirement (Luedeling et al., 

2009).  It is therefore important to estimate, using different chilling models, the amount of chill 

units that will be accumulated in the future, based on the future climate projections.  Such 

information can help farmers in the selection of appropriate cultivars of deciduous fruits to be 

planted in the future.  The predicted change in climate is expected to have an impact on the 

viability of deciduous fruit production and hence on the livelihoods of the farmers in the Western 

Cape.  Owing to the importance of agriculture in the Western Cape, the impacts of climate 

change could have large impacts on regional income, consumption and investment, employment 

and net exports.  The reduction of these impacts by adaptation could be large or small, 

depending on the adaptation options available to the farmers.  Both the impacts of climate 

change and the adjustments that farmers make to it to avoid climate change damages might 
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influence the flow of inputs, outputs and cash through the inter-industry structure of the Western 

Cape economy. 

 

There have been a number of studies in South Africa focusing on the impacts of climate change 

at national level (Turpie, Winkler, Spalding-Fecher & Midgley, 2002; Gbetibouo & Hassan, 

2004).  Most studies on climate change adaptation have been conducted within the National 

Department of Environmental Affairs and Tourism (DEAT), through the National Response 

Strategy and the National Communication.  The main focus of most studies was on the national 

impacts of climate change and the adaptation measures.  The shortfall in the research 

addressed by past studies on the impacts of climate change is the lack of studies examining 

impacts at farm level.  This needs to be addressed urgently as it is at this level that many people 

are directly affected by climate-induced impacts and it is at this level that institutional solutions 

can be introduced to target wide numbers of people. 

 

Generally, the important part of the “solution” in the above research is to determine the extent to 

which adapting/adjusting to the predictable climate variability also reduces the adverse impacts 

of climate change and the economic value of these climate change damages.  The aim is to 

translate the importance of these adaptation/adjustment options to resource-poor/emerging and 

commercial farmers to mitigate impacts on employment, the economy and their livelihood.  This 

is because the large majority of the resource poor depend on agriculture for livelihood.  

Integrated models can be used to examine impacts either at the farm/activity level and this 

involves combining GCM (Global Circulation Models), RCM (Regional Climate 

Models)/downscaling to relevant spatial (and temporal) scales, Hydrology Models (Rainfall-

runoff Models) to relate changes in climate to changes in (impacts on) runoff, surface water 

evaporation, plant evapotranspiration (water use) and return flows and economic models in 

order to translate the impacts of climate change on plants and humans directly into climate 

change damages and adaptation thereto. 

 

Few studies in South Africa have estimated the benefits and costs of avoiding climate change 

damages.  Notable among such studies is that of Callaway et al. (2008 and 2009).  These 

studies were done at aggregate level and it was difficult to adequately model climate variable 

sensitivity at this level.  Louw et al. (2012) have pointed out that there is a need for more 

research to increase the sensitivity of the farm models to climate change variables (temperature 

and water availability).  This is of paramount importance since both temperature and water 

availability will have an impact on future farm structure in the Ceres region of Western Cape.  

Although researchers have been able to model, to a certain extent, the impact of climate change 

on the farm sector using integrated methodology, they have not yet included the impact of future 

change in crop water requirements, as well as the impact of reduction in accumulated chill units.  

So currently, we do not have empirical knowledge of how the current and future change in crop 

water requirements and accumulated chill units will affect the farm structure. 
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1.3 OBJECTIVES  

 

The aim of this study is to develop and apply an integrated approach to quantify the economic 

impact of climate change on the agriculture and water resource sectors of Ceres, in Western 

Cape South Africa.  Specific reference is made to the small scale/resource poor farmers and the 

commercial farmers because both groups of farmers will be affected by climate change.  Such 

information will be useful for decision making in the planning and management of climate risk for 

agriculture and water resource development in Ceres, Western Cape, South Africa, and also for 

a wider application in Africa as a whole. 

 

The main study aim will be achieved through pursuing the following objectives: 

 

Objective 1 : To estimate and compare the crop water requirement for the base climate (1971-

1990) and future climate (2046-2065) in order to see how the projected change in climate will 

affect irrigation crop water requirements. 

 

With climate change, it is hypothesised that the future crop water requirement is going to change 

for different irrigation technologies.  SAPWAT (Van Heerden et al., 2008) was used to estimate 

and compare the difference between the present and future crop water requirements.  SAPWAT 

is a planning and management tool for the estimation of crop water irrigation requirements.  The 

present irrigation crop water requirement was calculated using the already built-in weather data 

in SAPWAT.  Since SAPWAT does not have future climate weather information, an artificial 

weather station was built into SAPWAT, based on the future climate projection.  This enables 

one to estimate the future crop water requirement.  The estimated irrigation crop water 

requirements for the base and future climate are used as an input in the whole farm-planning 

model of the Ceres region in a subsequent sub-objective to improve the sensitivity of the farm 

model. 

 

Objective 2:  To estimate and compare the accumulated chill units for the base climate and 

future climate in order to ascertain the impact of the projected change in climate on chill units 

accumulation. 

 

Using daily minimum and maximum temperatures for the present climate, the Utah model of 

Richardson et al. (1974) and the Daily positive Utah (Infruitec) chill unit accumulation model of 

Linsley-Noakes et al. (1995) are used to calculate the accumulated chill for the present climate.  

In order to calculate the accumulated chill for the future climate, the present climate minimum 

and maximum temperatures were adjusted based on the future temperature climate change 

projection.  The estimated chill unit for the base and future climate is also used as an input in the 

whole-farm planning model of the Ceres region in a subsequent sub-objective to improve the 

sensitivity of the farm model. 



Introduction 

5 

 

 

Objective 3:  To develop an integrated methodology and apply the model to simulate physical 

impacts of climate change, and estimate the economic value of climate change damages. 

 

In order to achieve objective 3, an integrated model encompassing climate, hydrology and farm 

module is developed.  As part of the Climate Change Adaptation in Africa (CCAA) project, 

climate change scenarios of the University of Cape town are linked to the hydrological models 

(ACRU) of the University of KwaZulu-Natal and finally to the farm model of the Ceres region.  

Farm-level data and the typical farm constructed by Louw (2007) were updated and used in this 

study.  The farm model was improved to adequately model the crop water and temperature 

relationship by incorporating into the farm model the irrigation crop water requirement estimated 

in objective 1 and the accumulated chill unit estimated in objective 2.  The chill unit requirement 

and crop water requirement are sensitive to temperature; hence this overcomes the problems 

documented by Louw et al. (2011).  Two different models, one representing the base and the 

other representing the future differentiated by time, are used.  The comparison of the difference 

between the base and future models represents the impact of climate change in the future. 

 

Objective 4:   To quantify the potential impact of different adaptation strategies in order to 

design a farm structure that is more adaptable to mitigate the impact of climate change. 

 

The integrated model developed in Objective 3 of this study is used to simulate the impact of 

different adaptation strategies in order to see how the farm structures will adjust with adaptation.  

The outcome from the simulations will give an indication of what the farm structure will look like 

in terms of water use, crop combination and welfare of the farmers in the future.  Comparison 

between the future base model and the future model with different adaptation strategies 

represents what the farm structure will look like in the future. 
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1.4 ORGANISATION OF THE THESIS 

 

This study is primarily concerned with the development of climate change adaptation strategies 

for farmers in Ceres.  In order to sufficiently address this, a literature review of climate change 

impacts on agriculture and the water resource sector is provided in the next chapter.  Specific 

reference is made to the impact of projected climate change on deciduous fruits, and in addition 

to this, issues related to the modelling approach of chill unit and crop water usage are also 

discussed. 

 

In Chapter 3, an overview of the economy of Ceres and the Koekedouw irrigation scheme, 

which is the major source of water in the area, is presented.  It includes the description of the 

topography, climate and general land use of the area.  The data and methodology used to study 

the impact of climate change in the Ceres region is discussed in Chapter 4.  The results of the 

base and future climate scenarios and the adaptation options are reported in Chapter 5.  

Chapter 6 firstly provides a summary of findings and secondly draws some conclusions and 

recommendations based on the results. 
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CHAPTER 2 
LITERATURE REVIEW  

 

2.1 INTRODUCTION 

 

Climate change and the impact upon already scarce water resources are important issues in the 

public debate of the world today (UNESCO-WWAP, 2009).  Other issues, particularly the 

economic crisis gripping the world, are also receiving global attention, but the most important 

issue so far is climate change.  Climate change has implications for peace and security, as well 

as serious implications for the environment, societies and economies.  The fourth assessment 

report of the International Panel on Climate Change made the case fairly emphatically.  Water 

managers all over the world are faced with the challenge of managing the year-to-year, month-

to-month and even daily changes in the availability of water.  This has significant effects on 

agriculture and other sectors of the economy where water availability is especially important.  

Scientists and economists from diverse disciplines have been working together to assess the 

potential impacts of climate change.  Scientific evidence has now become overwhelming that 

human activities, especially the combustion of fossil fuels, are influencing the climate in ways 

that threaten the well-being and continued development of human society.  The main objective 

of this chapter is to discuss the relevant literature that contributes to meeting the objectives of 

this study.  Literature on the impact of climate change as it affects the water and agricultural 

sectors are reviewed.  The concepts of adaptation and mitigation and its applicability to the 

water and agriculture sector are also examined.  Various models that can be used to estimate 

irrigation crop water requirements, as well as models to calculate accumulated chill units, are 

reviewed.  Lastly, a review of literature on mathematical programming and its application to 

climate change and adaptation is presented. 

 

2.2 CLIMATE CHANGE AND EXTREME EVENTS  

 

According to the IPCC, climate change refers to “a change in the state of the climate that can be 

identified by changes in the mean climatic variability of its properties and that persists for an 

extended period, typically decades or longer” (IPCC, 2007).  Climate change may be due to 

natural internal processes or external forcing, or to persistent anthropogenic changes in the 

composition of the atmosphere or changes in land use (IPCC, 2007). 

Climate change is no longer a likely future threat, rather the world is already experiencing the 

impacts of a changing climate and an increased incidence and changed prototype of extreme 
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weather events (Carraro and Sgobbi, 2008).  Climate change is expected to increase the 

frequency and magnitude of many types of extreme events, including floods, droughts, tropical 

cyclones and wildfires (IPCC, 2007).  New evidence also suggests that climate change is likely 

to change the nature of many types of hazards experienced in various places, such as 

landslides, heat waves and disease outbreaks, influencing not only the intensity but also the 

duration and magnitude of these events (O’Brien et al., 2008). 

 

The summary report of the 2009 Conference on Global Risks, Challenges and Decision pointed 

out that changes in climate are taking place at a more rapid rate than previously estimated.  

Many key climate indicators are already moving beyond the patterns of natural variability within 

which contemporary society and its economy have developed and thrived (Copenhagen 

synthesis report, 2009).  These indicators include global mean surface temperature, sea-level 

rise, global ocean temperature, Arctic sea – ice extent, ocean acidification, and extreme climatic 

events.  With unabated emissions, many trends in climate change will likely accelerate, leading 

to an increasing risk of abrupt or irreversible climatic shifts (Copenhagen synthesis report, 

2009). 

 

The Fourth IPCC report (IPCC, 2007 a, b, c) concludes that there is high evidence that the 

observed changes in the global climate systems are influenced by human activities.  Despite 

efforts to abate the human causes, human-driven climate change will continue for decades and 

longer.  In support of the conclusions of the IPCC Third assessment report (IPCC, 2001), the 

fourth assessment stresses how human-induced climate change will not only affect global 

temperature, but will lead to changes in the entire climate system, including precipitation 

patterns and intensity, wind patterns, sea level rise, frequency and intensity of extreme weather 

events.  It also points out that the impacts of these changes will be felt differently in different 

regions of the world. 

 

Globally averaged surface temperatures are estimated to rise by at least 1.8°C to 4.0°C by the 

end of the 21st century (IPCC, 2007b).  If the increase in temperature occurs as projected, it 

most probably will have an important impact on water resources and agriculture.  It is expected 

to alter precipitation and evapotranspiration, the prime drivers of water availability and 

agricultural production (Elgaali, 2005).  Water supply and use in semi-arid lands are very 

sensitive to changes in precipitation and evapotranspiration, because the fraction of 

precipitation that runs off or percolates is small.  Previous studies have also indicated that 

climate variability and extreme weather events are expected to be especially challenging for 

farming operations (Smit et al., 2000; Bryant et al., 2000; Schneider et al., 2000 and Smit et al., 

1996). 

For Southern Africa, sub-continental warming is predicted to be greatest in the northern regions 

(DEAT, 2004).  Temperature increases in the range of between 1°C and 3°C can be expected 

by the mid-21st century, with the highest rises in the most arid parts of the region.  Of greater 
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consequence for South Africa, as a semi-arid country, is the prediction that a broad reduction of 

rainfall in the range 5 % to 10 % can be expected in the summer rainfall region.  This will be 

accompanied by an increasing incidence of both droughts and floods, with prolonged dry spells 

being followed by intense storms.  A marginal increase in early winter rainfall is predicted for the 

winter rainfall region of the country (DEAT, 2004). 

 

In the Western Cape region, there is little doubt that the region will face some degree of climate 

change in the 2030-2050 period.  According to DEA&DP (2007), the application of a range of 

climate models to the Western Cape Province makes it possible to identify a number of stress 

factors, irrespective of local or global efforts to reduce greenhouse gas.  Climate change is 

projected to cause an increase in the annual average temperature of at least 1°C by 2050.  In 

addition to this, the IPCC Fourth Assessment Report shows an expected increase of between 

3°C and 5°C by 2100. 

 

Other effects are a possible increase in the frequency and intensity of extreme events, an 

increase in conditions conducive to wildfires (higher temperatures and increased wind velocity), 

and reduced rainfall in the western parts of the Western Cape, decreased water resources and 

reduced soil moisture due to an increase in temperature, coupled with a decrease in average 

precipitation.  Temperature increases will also have impacts on crop activities – crop burn, 

drought, pests and microbes, resulting in yield reductions, and loss of rural livelihoods.  Table 

2.1 presents a summary of observed and predicted climate changes in the Western Cape.  Of 

importance, according to the Table 2.1, is the projected increase in temperature and the 

resultant impact on crops and rural livelihood.  According to Table 2.1, projected climate change 

will result in the reduction in soil moisture because of increases in temperature, coupled with a 

decrease in average precipitation.  It will also give way to more summer rainfall from January 

onwards, especially inland and towards the eastern part of the Western Cape. 
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Table 2.1  Summary of observed and predicted climatic changes in the Western Cape 

Observed trends  

� June – August (JJA) tendency for weaker pressure gradients - > More days with 

inversions (pollution/brown haze risks); 

� Increase in days with the berg wind during December, January and February (fire 

risk); 

� Rainfall in the mountain regions appears reasonably stable, possibly a slight 

increase.  Rainfall on the coastal plain shows a slight negative drying trend. 

Projected changes  

� More summer rainfall from January onwards, especially inland and towards the 

east ; 

� Reduction in early winter rainfall, especially towards the Southwest; 

� Temperature can be expected to rise everywhere, least on the coast and more as 

one move inland.  Typical ranges to expect by 2050 are ~1.5º on the coast, and 2-3º 

inland of the coastal mountains.  The absolute magnitude will depend on a number of 

factors and these values should be treated as median value within a range; 

� An increase in conditions of conducive to wildfires (higher temperatures and increase 

wind velocity); 

� Reduced soil moisture from increase in temperature (evaporation) coupled with a 

decrease in average precipitation; 

� Temperature impacts on crop activities- crop burn, drought, pest and microbes 

resulting in yield reductions, and loss of rural livelihoods. 

Source: Department of Environmental Affairs and Development Planning, Western Cape 

(2008) and CSIR (2005) 

 

2.3 CLIMATE CHANGE IMPACTS  

 

Extreme temperature events will have real impacts on the natural environment, as well as on 

human-made infrastructure and its ability to contribute to economic activity and quality of life. 

The anticipated impacts of climate change include rising sea levels, with stronger and more 

frequent storms. These impacts will vary across regions and sectors of the economy, leaving 

future governments, the private sector and citizens to face the full spectrum of direct and 

indirect costs accrued from increasing environmental damage and disruption (CIER, 2007). 

 

Many sectors in the global economy will be affected by climate change and climate variability.  

Of importance in this study is the impact that climate change will have on water and 

temperature distribution, which has implication for the agriculture and water resource sectors 

of the Western Cape, South Africa.  Some of the impacts of climate change on the water 

resource sector are discussed in the next session. 
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2.3.1 IMPACT OF CLIMATE CHANGE ON WATER SECTOR 

 

Nicol and Kaur (2009) have divided the impacts of climate change on the water sector into 

knowns and unknowns.  The knowns were further classified into supply and demand sides.  

Some of the supply-side impacts are changes in precipitation, changes in snow and ice melt, 

changes in evapotranspiration and soil moisture and changes in flooding and drought patterns.  

In addition to the supply side of the knowns, Nicol and Kaur (2009) also highlight the drivers 

changing the demand side as population growth, land use change, economic growth and 

technological change. 

 

Water demand is also likely to increase as a result of changes in human settlements, caused 

either by the primary or secondary effects of natural change, or because of government-driven 

policy that shapes the pattern and density of future settlements (Nicol and Kaur, 2009).  It is 

projected that the sea level rise and resource scarcity linked to climate change will drive 

increased rural-urban migration patterns, and will increase the cost of water supply and 

sanitation infrastructure as a result of more frequent flooding, salinisation of groundwater, and 

the increased need to re-use available water. 

 

Apart from the knowns, there are also unknowns.  Many aspects of the impact of climate 

change on water resource availability remain uncertain. This includes; system complexity 

(climate, hydrological and socio-economic); the coarsely-grained nature of many models and 

impact assessment methods; and the difficulty in weighing up relative cause and effect (Nicol 

and Kaur, 2009). 

 

There are two broad trends in relation to climate change induced water stress which do not take 

into account adaptation (Nicol and Kaur 2009).  Firstly, there will be an increase or decrease in 

water stress.  This includes an increase or decrease in physical scarcity and/or the replacement 

of current areas of economic and social scarcity by physical scarcity.  These changes will be 

driven directly by climate-induced impacts on the hydrological system.  Secondly, there will be 

an increase in economic and social scarcity.  These changes will be driven by the impact of 

climate change on demand for water. 

 

Menzel et al. (2007) projected that the number of people living in regions with severe water 

stress will increase from 2.3 billion in 1995, to 3.8 – 4.1 billion in the 2020s, and to 5.2 – 6.8 

billion in the 2050s.  The main cause of increasing water stress will be growing water 

withdrawals as a consequence of growing population and improving economic conditions, rather 

than decreasing water availability.  Without sufficient adaptation mechanisms in place to 

regulate supplies, increased runoff in the wet season may exacerbate flooding, whereas 

decreased runoff in dry seasons may precipitate a future increase in drought frequency and 

intensity (Arnell, 2004). 
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Climate change is expected to increase glacial melting, which will cause inland water levels to 

rise in the short term, followed by a downturn later, but the overall projected impact of climate 

change is that water scarcity will increase with time (Smith and Vivekananda, 2007).  Surface 

and subsurface water flow and storage are already stressed by natural and anthropogenic 

causes.  As a result, availability for human consumption, irrigation, energy production and 

industry may be reduced (Groisman et al., 2004).  Climate change will exacerbate existing and 

future stresses placed on supplies by continued economic and population growth (CIER, 2007). 

 

2.3.2 IMPACT OF CLIMATE CHANGE ON TEMPERATURE  

 

According to UNESCO-IHP (2011), higher temperatures and decreased precipitation would lead 

to decreased water supplies and increased water demands, and they might cause deterioration 

in the quality of freshwater bodies, putting strains on the already fragile balance between supply 

and demand in many countries.  Even where precipitation might increase, there is no guarantee 

that it would occur at the time of year when it could be used; in addition, there might be a 

likelihood of increased flooding (UNESCO-IHP, 2011). 

 

Changes in temperatures have also reduced snow cover, and glacier shrinkages have been 

observed around the globe (Oerlemans, 2005).  Changes in the amount, timing, and distribution 

of rain, snowfall, and runoff are very probable, leading to changes in water availability, as well 

as in competition for water resources.  Changes are also likely in the timing, intensity, and 

duration of both floods and droughts, with related changes in water quality.  The most general 

impact on water quality will be through higher temperatures of surface water.  Higher 

temperatures will increase microbial activities and bacterial and fungal population (Van Vliet and 

Zwolsman, 2008).  This will be more severe in developing countries where there is lack of 

proper sanitation, and higher temperatures will increase the risk of water borne diseases. 

 

The decrease in rainfall and the higher temperatures have caused an increase in drought 

frequency, particularly in the tropic and subtropics.  Globally, the intensity and duration of 

droughts have increased since the 1970s (IPCC, 2007).  This can lead to a significant drop in 

water availability for agriculture and can have severe negative financial consequences.  It can 

also affect industrial and domestic water supply.  However, an increase in temperature, coupled 

with raised CO2 levels, may cause an increase in the rate of soil organic matter depletion from 

agro-ecosystems (Walker and Schulze, 2008).  This means that larger quantities of artificial 

nutrient compounds will need to be used, or a shift be made in cultivars, to maintain productivity. 

 

An increase in temperature to the predicted temperature range (between 0.2 – 6°C) will result in 

increased evapotranspiration which, together with the expected drying of ground water supplies, 

will require an increase in irrigation quantities, or a change in crop choice, both of which will 
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again have cost implications.  In addition, climate change is expected to increase the quantity, 

variety and strength of pests, diseases and weeds species, and producers can therefore expect 

to alter farming practices to avoid major crop damage and losses (IPCC, 2001).  The genetic 

variety of crops can assist in pest and disease resistance.  Research has shown that certain 

varieties are less susceptible to drought, heat stress, pest infestations and diseases and are 

therefore more suitable for the predicted climate (IPCC, 2007). 

 

2.3.3 IMPLICATIONS FOR AGRICULTURAL SECTOR 

 

As identified in the literature, climate change will impact upon the availability of water resources 

for agriculture in the future through changes in precipitation, potential and actual evaporation, 

and runoff at the watershed and river basin scales.  Both the demand for and supply of water for 

irrigation will be affected by changes in the hydrological regimes.  There will be concomitant 

increases in future competition for water with non-agricultural users owing to population and 

economic growth (Strzepek et al., 1999). 

 

Agriculture is dependent upon the climate resources of temperature, sunlight, precipitation, and 

carbon dioxide.  Efficient production depends upon optimum conditions of temperature and 

water supply. Changes in these projected climatic variables will adversely affect plant and 

animal systems over the next 10 – 30 years (Hatfield, 2008).  The direct and indirect impacts of 

climate change on agriculture could have large impacts on agricultural production.  Increasing 

variability in precipitation will cause uncertainty in the amount of water available during the year, 

which could negatively impact upon plant production and have a profound effect on pasture and 

hay supplies for cattle or grain supplies for all livestock (Hatfield, 2008). 

Rising temperatures over the next 30 years will have an impact on crop yield because of the 

impacts of temperatures that are above optimal during the pollination stage in all crops (FAO, 

2011).  Occurrences of these temperatures will cause yield reductions which could be further 

decreased by shortages of water required for optimal plant growth.  These effects will be 

noticeable in grain, forage, fibre, and fruit crops.  In regard to fruit crops, climate change is likely 

to affect future winter chill and could have a major impact on the fruit species with chilling 

requirements (FAOSTAT, 2009).  Insufficient winter chill can severely reduce fruit yields and 

fruit quality.  When chilling requirements are not completely fulfilled, trees display irregular and 

temporally spread out flowering, leading to inhomogeneous crop development (Luedeling et al., 

2009).  This process eventually results in altering fruit sizes and maturity stages at the time of 

harvest, which can substantially reduce yield amount and value (Saure, 1985). 

In Southern Africa, more frequent and longer dry periods are expected in the future, again 

threatening crop failures.  Climate change, therefore, is expected to worsen the food supply and 

hence exacerbate the widespread poverty in the region (CEEPA, 2002).  According to CEEPA 
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(2002), the impact of these adverse climate changes on agriculture is exacerbated in Africa by 

the lack of adaption strategies, which are increasing owing to the lack of institutional, economic 

and financial capacity to support such actions.  Africa's vulnerability to climate change and its 

inability to adapt to these changes may be devastating to the agriculture sector, the main source 

of livelihood for the majority of the population.  The utmost concern should accordingly be for a 

better understanding of the potential impact of the current and projected climate changes on 

African agriculture and to identify ways and means to adapt and mitigate the detrimental impact 

of climate change.  Impacts on, and the adaptive capacity of, systems may vary substantially 

over the next decades and within countries because vulnerabilities can be highly dynamic in 

space and time.  Consequently, there is a need to build resilient agricultural systems that have a 

high capacity to adapt to stress and changes and can absorb disturbances. 

 

Fruit production in the Western Cape is under threat from the impact of climate change.  

Production of the Forelle pear (high chilling requirement), in particular, could be adversely 

affected by warming of the winter season owing to rising average temperatures and the 

consequent loss in chilling hours.  Deciduous fruit need cold weather in which to rest and if it is 

not cold enough, this could lead to a decrease in production.  According to Carbone and 

Schwartz (1993), insufficient chilling occurs when temperatures during the dormant season are 

anomalously high, thus inhibiting endodormancy.  Lack of winter chilling gives rise to delayed 

foliation and the problem of production of small fruit of poor quality.  Increased average 

maximum temperatures in January and February may result in poor colour development in 

“bicolour” fruits.  The risk of sunburn is also increased (NAMC, 2007).  An increase in 

temperature has already had an effect on certain crops.  Early bud breaking has been seen on 

orange trees because of warmer weather.  Early bud break can be devastating to farmers if the 

vulnerable buds are exposed to disease or if cold or frosty weather subsequently hits and 

destroys the crops (http://ipsnews.net/africa/nota.asp?idnews=43255). 

 

Lack of effective chilling has an influence not only on tree development, but also on fruit quality 

as well (Luedeling and Brown, 2010).The buds remain dormant until they have accumulated 

sufficient chilling units of cold weather (Saure, 1985).  When enough chilling units have 

accumulated, the buds are ready to grow in response to warm temperatures (Saure, 1985). 

 

Apple and stone fruit trees develop their vegetative and fruiting buds in the summer and as 

winter approaches; the already developed buds go dormant in response to both shorter day 

lengths and cooler temperatures.  These buds remain dormant until they have accumulated 

sufficient chilling units (CU) of cold weather.  When enough chilling units have accumulated, the 

buds are ready to grow in response to warm temperatures.  As long as there have been enough 

CUs, the flower and leaf buds will develop normally.  According to Rana et al. (2009), if the buds 

do not receive sufficient chilling temperatures during winter to completely release dormancy, 

trees will develop one or more of the physiological symptoms associated with insufficient 
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chilling: 1) delayed foliation, 2) reduced fruit set and increased buttoning, and 3) reduced fruit 

quality.  It also disrupts spring growth, causing inconsistent bud break and leaf development, 

and non-consistent fruit growth (Linvill et al., 1990).  These physiological symptoms 

consequently affect the yield and quality of the fruit. 

 

It can be concluded from the literature that increases in temperature will increase the 

vulnerability of the agricultural sector.  It will lead to increases in the rate of evapotranspiration 

and can increase the demand for irrigation water.  This will be in addition to competition for 

available water required for household water demand and industrial water demand.  For 

instance, irrigation demand is projected to increase by 0.4 % – 0.6 % per year up to between 

2030 and 2080, according to projections from the Food and Agriculture Organization (FAO).  

However, if the anticipated impacts of climate change are added, the projected demand will 

lead to an increase of between 5 – 20 % by 2080.  Adaptation is required in order to be able to 

contain the future impact of the projected climate changes.  Given the expected impact of 

climate change on the agricultural sector, it is important to measure the sensitivity of the 

agricultural sector.  Accordingly a discussion follows next on the measurement of the 

sensitivity of the agricultural sector. 

 

2.4 MEASURING CLIMATE SENSITIVITY OF AGRICULTURE  

 

Two main approaches have been identified in the literature to assess the sensitivity of the 

agricultural sector, i.e. to measure how agriculture will be affected if the particular components 

that make up the general climate of a region change by a certain amount (FAO, 2000).  The 

approaches are namely; the structural modelling of agronomic responses, based on theoretical 

specifications and controlled experimental evidence; and the reliance on the observation of 

responses of crops and farmers perception of climate variations. 

 

2.4.1 STRUCTURAL MODELLING APPROACH  

 

The main objective of this approach is to improve the understanding of how crop management 

can be undertaken under different climatic conditions.  It allows representative farms or crops 

to be modelled in a very basic way.  There are two main types of structural modelling of 

agronomic response namely, integrated assessment models and crop growth simulation 

models.  In this study more emphasis will be placed on the former. 

 

2.4.1.1 Integrated assessment of climate change imp acts 

 

Assessment consists of social processes that bridge the domains of knowledge and decision – 

making, assembling and synthesising expert scientific or technical knowledge to advise policy or 
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decision-making (Parson and Fisher-Vanden, 1997; Parson, 1995; & Wayant et al., 1996).  An 

assessment process might seek to mine current knowledge to answer specific policy relevant 

questions, to identify policy relevant implications, or to help policy makers understand what 

questions they should be asking.  Assessment is integrated according to the breadth of the 

expert knowledge it synthesises in advising on the issue at hand (Parson 1995; Wayant et al., 

1996; Rotmans and Dowlatabadi, 1998). 

 

In the IPCC Third Assessment Report (IPCC, 2001c), integrated assessment was defined as an 

interdisciplinary process that combines, interprets, and communicates knowledge from diverse 

scientific disciplines from the natural and social sciences to investigate and understand causal 

relationships within and between complicated systems.  Harremoes and Turner (2001) have 

stated that there are two main principles to integrated assessment, i.e. integration over a range 

of relevant disciplines; and the provision of information suitable for decision making.  Integrated 

assessment can employ a range of methods, including scenario analysis, qualitative 

assessment and computer modelling.  It is generally agreed that there are two main principles of 

integrated assessment, namely: 

 

(i) Integration of information obtained through a range of relevant disciplines, 

and,  

(ii) The provision of information suitable for decision making. 

 

The integrated approach examines the societal impacts, and responses to climate change.  The 

interactions within each sector and the interactions and feedback between sectors in the society 

are considered (Adams et al., 1990; Rosenberg, 1993).  It allows the identification of potentially 

important indirect interactions or mechanisms, the identification of important research gaps, and 

provides a means of integrating targeted research from a variety of disciplines into an enhanced 

understanding of the whole system (Chan et al., 1999). 

 

According to Morgan and Dowlatabadi (1996), the objective of the integrated assessment of 

climate change is to put available knowledge together in order to evaluate what has been 

learned, what the policy implications are and what the research needs are.  It also serves as a 

tool for promoting a better understanding of, and more informed decisions on, how locales and 

regions contribute to, and are affected by, climate change (Yarnal, 1998).  The main research 

activity in integrated assessment involves the development of methods for linking knowledge 

across domains or disciplines, particularly emphasising the role of important feedback 

mechanisms, nonlinearities and uncertainties (Easterlin, 1997). 

 

Apart from the integrated assessment of climate change impacts, the impact and interaction 

approach can also be used (Elgaali, 2005).  The impact approach is a straightforward linear 

analysis of cause and effect.  Data from projected climate scenarios is used to determine the 
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responses of different biophysical systems to changes in climate.  The interaction approach 

links climate change with other changes and with the feedback of a system affected by climate 

change.  Integrated Assessment Models (IAM) are considered to be the main research tool for 

conducting an integrated assessment of climate change. 

 

2.4.1.2 Integrated Assessment Models (IAM) 

 

Integrated Assessment Models seek to combine knowledge from multiple disciplines in a 

formal integrated representation in order to inform policymaking, structure knowledge, and 

prioritise key uncertainties; and to advance knowledge of broad system linkages and 

feedbacks, particularly between socioeconomic and biophysical processes (Parson and 

Fisher-Vanden, 1997).  They can combine simplified representations of the socioeconomic 

determinants of greenhouse gas emission, the responses of atmosphere and oceans, impacts 

on human activities and ecosystems, and potential policies and responses (Parson and Fisher-

Vanden, 1997).  A typical IAM model is presented in Figure 2.1.  Figure 2.1 shows how the 

emission of greenhouse gases and their concentration in the atmosphere can lead to climate 

change, resulting in temperature rise, sea level rise, precipitation change and droughts and 

floods.  According to indications in Figure 2.1, climate change will have an impact on human 

and natural systems and that adaptation can serve the purpose of reducing the impact on 

socio-economic development paths. 

 

 

Figure 2.1 :  Integrated Framework for climate change 

Source: Shukla (2002) 
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Many integrated assessment models of global climate change have been developed over the 

past decade and most of them have a focus on mitigation responses and costs (AGO, 2004).  

Many of these models have taken a ‘top-down’ approach, assessing damages at a regional or 

global level based on a global mean temperature change associated with a doubling of 

atmospheric CO2 concentrations.  Given this level of aggregation and the widely differing 

assumptions used in terms of the nature of associated impacts, it is not surprising to find that 

these studies have produced a very wide range of results (Cline 1992; Manne and Richels, 

1992; Nordhaus, 1994 and Roughgarden and Schneider, 1999). 

 

More recent ‘bottom-up’ IA models have sought to capture the individual direct effects of climate 

change at the local or regional level.  Although these models have done a good job of capturing 

spatial and sectoral detail, they often contain so much detail that they are difficult to interpret.  

Further, they often lack sound damage estimates because they do not seek to estimate welfare 

effects and because they fail to account for adaptation, thus they are far from providing clear 

and careful damage estimates (Mendelsohn et al., 2000). 

 

The challenge, therefore, is to make use of the spatial and sectoral detail of ‘bottom-up’ models, 

while ensuring that: 

 

� inter-regional and economy-wide effects and feedbacks are addressed; 

� feedbacks arising from policy responses and adaptation measures are fully captured; 

and 

� impacts are assessed on the basis of realistic scenarios of changes to future 

environmental, social-economic and land use conditions that are unrelated to climate 

change. 

 

According to Parson and Fisher-Vanden (1997), four broad contributions have been claimed for 

integrated assessment (IA) modelling: evaluating potential responses to climate change; 

structuring knowledge and characterising uncertainty; contributing to broad comparative risk 

assessment; and contributing to scientific research.  In principle, IA models can make any of 

these contributions; in practice, the work to date has served these purposes to different 

degrees, and the basic elements of structure and design of any particular IA model strongly 

influence which of these purposes it can serve and how well. 

 

The use of integrated assessment models has not been widespread in the African context, 

although it is becoming an item on the agenda of several modelling groups and organisations 

(IPCC, 2007).  More widespread use of integrated assessment models is a priority for the IPCC 

according to the Third Assessment Report, although it will require fundamental advances in the 

research literature.  As a basis for integration, primary research on impacts on the potentially 
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most vulnerable sectors and regions must be conducted so that interactions among the many 

potential costs and benefits can be assessed and, where possible, quantified. 

 

It has been identified in the literature that integrated assessment to climate change adaptation 

has the potential for incorporating different modules in one framework.  The bottom-up approach 

is more relevant when adaptation at farm or regional level might have potential impact on 

provincial of national economy.  An integrated assessment model, which combines scientific 

and economic aspects of climate change primarily for the purpose of assessing policy options 

for climate change adaptation, is required to properly understand the appropriate adaptation 

option to cope with the projected impact of climate change. 

 

2.5 COPING WITH CLIMATE CHANGE  

Mitigation and adaptation are two strategies that feature in the debate on coping with climate 

change and its impact.  The IPCC has defined adaptation as adjustment in natural or human 

systems in response to actual or expected climatic stimuli or their effects, which moderate harm 

or exploits beneficial opportunities.  Similarly, Mitchell and Tanner (2006) have defined 

adaptation as an understanding of how individuals, groups and natural systems can prepare for 

and respond to changes in climate or their environment.  According to them, it is crucial to 

reducing vulnerability to the impact of climate change. 

Mitigation, on the other hand, is any action taken to permanently eliminate or reduce the long-

term risk and hazards of climate change to human life and property.  The IPCC defines 

mitigation as an anthropogenic intervention to reduce the sources or enhance the sinks of 

greenhouse gases.  While mitigation tackles the causes of climate change, adaptation tackles 

the effects of the phenomenon. 

Callaway (2004) has referred to adaptation as any adjustments that individuals, singly and 

collectively (in whatever organisational framework), make autonomously or policy makers 

undertake strategically to avoid (or benefit from) the direct and indirect effects of climate 

change.  Individuals and organisations can do this autonomously in the sense that economic, 

social and political institutions with which they interact provide incentives for them to adjust 

“automatically” to climate change, without political intervention.  Alternatively, they can adapt 

strategically through decisions made by governments.  It is important to note that while 

adaptation can reduce impacts; it does not reduce them entirely (or rarely). 

 

Adaptation and mitigation can be complementary, substitutable or independent of each other 

(IPCC, 2007b).  Mitigation is defined as measures – policies, programmes, investments – to 

abate greenhouse gas emissions and thereby limit the level and rate of global warming.  If 

complementary, adaptation reduces the costs of climate change impacts and thus reduces the 
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benefits of mitigation.  Although adaptation and mitigation may be substitutable up to a certain 

point, they are never perfect substitutes for each other since mitigation will always be required 

to avoid ‘dangerous’ and irreversible changes to the climate system. 

 

Callaway (2004) differentiates between mitigation and adaptation based on their qualitative 

differences: reducing emissions through mitigation changes climate and has the potential to 

reverse the impacts of climate change, while adaptation actions are simply adjustments to 

climate change and its associated impacts.  Irrespective of the scale of the mitigation measures 

that are implemented in the next 10–20 years, adaptation measures will still be required owing 

to the inertia in the climate system.  Both adaptation and mitigation depend on capital assets, 

including social capital, and both affect capital vulnerability and greenhouse gas (GHG) 

emissions (Rogner et al., 2007). 

 

Adaptation can involve both building adaptive capacity, thereby increasing the ability of 

individuals, groups, or organisations to adapt to changes, and implementing adaptation 

decisions, i.e. transforming that capacity into action.  Both dimensions of adaptation can be 

implemented in preparation for or in response to impacts generated by a changing climate (Daw 

et al., 2009).  Therefore, adaptation is a continuous stream of activities, actions, decisions and 

attitudes that informs decisions about all aspects of life, and that reflects existing social norms 

and processes.  It can be motivated by many factors, including the protection of economic well-

being or improvement of safety (Adger et al., 2005).  It can be manifested in myriad ways: 

through market exchanges (Smit et al., 2000), through extension of social networks (Adger, 

2003), or through actions of individuals and organisations to meet their own individual or 

collective goals.  It can be undertaken by individuals for their own benefit or it can be made up 

of actions by governments and public bodies to protect their citizens.  These levels of actions 

take place within hierarchical structures such that the levels interact with each other. 

 

Farmers need to be able to adjust to climate change and associated impacts singly or 

collectively.  This will enable farmers to avoid the direct and indirect effects of climate change.  

Individual farmers can initiate adaptations at the farm level, which are referred to as 

autonomous, while other adaptations represent planning by larger public institutions or 

governments.  In this thesis different adaptation options will be quantified at farm level with the 

aim of reducing the impact of the projected future climate change. 

 

2.5.1 TYPES OF ADAPTATION  

Adaptation has become of higher priority on the international climate change agenda.  The 

increasing frequency of catastrophic weather events throughout the world makes it plain for all 

to see that adaptation must be addressed. 
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Delayed investment in adaptation will lead to large impacts, this is particularly critical for 

developing countries, where scientists predict the worst impacts will occur and where the 

greatest vulnerabilities lie (http://www.global-

mechanism.org/dynamic/documents/document_file/ccesinfokit_web-1.pdf).  Various types of 

adaptation can be distinguished, including anticipatory or proactive, autonomous or 

spontaneous and planned adaptation (IPCC, 2007). 

� Anticipatory adaptation: Adaptation that takes place before impacts of climate change 

are observed.  This is also referred to as proactive adaptation. 

 

� Autonomous adaptation: Adaptation that does not constitute a conscious response to 

climatic stimuli but is triggered by ecological changes in natural systems and by market 

or welfare changes in human systems.  Autonomous adaptation is the reaction of, for 

example, a farmer to changes in precipitation patterns, in that he or she changes crops 

or uses different harvest and planting/sowing dates.  This is also referred to as 

spontaneous adaptation. 

 

� Planned adaptation: Adaptation that is the result of a deliberate policy decision, based 

on an awareness that conditions have changed or are about to change and that action 

is required to return to, maintain, or achieve a desired state.  For example, deliberate 

crop selection and distribution strategies across different agro climatic zones, 

substitution of new crops for old ones and resource substitution induced by scarcity 

(Easterling, 1996). 

 

Depending on the type of adaptation considered or the combination of adaptations considered, 

adaptation should be able to completely offset most of the agricultural income loss, or if not, 

should leave an individual farmer with only a small loss.  The farmer may be forced to lower 

profit expectations, but the farmer will remain solvent and flexible enough to be able to develop 

new production and marketing strategies for the future (Easterling et al., 2004).  At this level 

such an adaptation can be said to be successful.  Thus, adaptation can be considered 

successful if it maintains services or welfare with a small or minimal loss. 

 

2.6 THE ECONOMIC COST OF CLIMATE CHANGE IMPACTS AND  

ADAPTATION  

 

Climate change impacts are defined as “the difference between conditions with and without 

climate change” (Ahmad and Warrick, 2001).  They include all of the potential impacts of climate 

change from (direct) biophysical impacts through to (indirect) ecological and socio-economic 

impacts.  Understanding past climate change patterns and monitoring climate change impacts is 

important for identifying vulnerable areas and designing appropriate adaptation measures.  If no 
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action is taken, growing population in South Africa and economic growth in the coming years 

and decades will cause more greenhouse gas (GHG) emissions and hence causing global 

warming and other environmental damage.  Projecting future climate change and its impact is 

therefore critical to the design of effective climate change policies and adaptation and mitigation 

actions.  The need to develop appropriate adaptation strategies is an important consideration in 

the context of national, state and local government responses to the issue. 

 

It is essential that economic assessments of climate change be framed in the context of a sound 

appreciation and understanding by decision-makers of all of the potential costs and benefits 

associated with climate change and climate change response.  The assessment of costs of 

climate change impacts and net benefits of adaptation strategies is most appropriately 

undertaken as a two-staged process, with the focus in the first stage being on identifying the 

concepts, issues and methodologies appropriate for a robust analysis. 

 

Once these concepts, issues and steps have been identified, decision-makers can then proceed 

with the more expansive and involved task of costing the impacts of climate change, under a 

range of scenarios, at the regional, sectorial and national levels.  Once the costs of climate 

change impacts and net benefits of adaptation strategies are understood, decisions can be 

made about the most appropriate combination of adaptation measures. 

 

2.6.1 DECISION MAKING IN AGRICULTURE: APPLICATION O F DYNAMIC 

LINEAR PROGRAMMING (DLP) AND DYNAMIC PROGRAMMING (D P) 

 

The impact of linear programming models and methods on the practice of decision making is 

well known (Dantzig, 1963; Kantorovitch, 1965).  Farming system analysis entails analysis on a 

whole-farm basis.  One way that this can be done is through mathematical programming 

because the analysis is concerned with the performance and viability of alternative farming 

systems in the context of the farmer's constraints and objectives (Charry et al., 1992).  Linear 

programming has been a popular choice for modelling farmer decision making in response to 

technical and institutional innovations (Louhichia et al., 2004; Elvio et al., 2002; Thangata et al., 

2002; and Adeoti et al., 2008).  An extension of linear programming is the dynamic linear 

programming (DLP) method which is an optimisation approach that transforms a complex 

problem into a sequence of simpler problems. 

 

Dynamic programming is an approach that takes a sequential or multistage decision process 

containing many interdependent variables and converts it into a series of single-stage problems, 

each containing only a few variables (Lohano and King, 2006).  The technique is particularly 

suitable for obtaining numerical solutions to problems which involve functions which are non-

linear and stochastic (Kennedy, 1986).  According to McCarl and Spreen (2003) and Grove 

(2006), dynamic concerns arise when decisions makers face: (a) binding financial constraints 
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which change with time; (b) a production situation in which current actions impact the 

productivity of future actions; (c) a need to adjust over time to exogenous stimulus; (d) future 

uncertainty, and/or (e) an exhaustible base. 

 

Dynamic programming and dynamic linear programming are not necessarily the same.  

According to Grove (2006), DLP is an alternative to capital budgeting in complex investment or 

development situations.  It allows for simultaneous decisions to be taken, i.e. the choice of one 

or more items of irrigation systems and/or types of perennial cropping from a list of contenders; 

the timing of investments in relation to likely supplies of capital funds, either owned or borrowed; 

and/or the feasibility of any development or investment programmes in relation to existing 

supplies of fixed factors of production.  Raes (1977) has stated that instead of preparing capital 

budgets to answer the above list of items of an investment programme, a dynamic linear 

programming model can be employed as a most efficient analytical procedure.  Various authors 

(e.g. Backeberg, 1984; Minnaar, 1990; Nowers, 1991; Louw, 1996; Grove, 2006) have found 

that the DLP method is practical in simulating the farm system.  It is a useful tool for analysing 

the interactions between management measures and production intensity on one hand, and 

farm income and environmental aspects on the other hand.  Moreover, it is a useful tool for 

determining the implications of different policy options at farm level on economic and 

environmental aspects of farming (Acs et al., 2007). 

The time dependent processes of dynamic processes, such as a farming system, necessitate a 

dynamic approach to systems modelling (Louw, 1996).  Farm investment decisions (e.g. as to 

perennial crops, livestock and/or irrigation investments) are more challenging to model than 

seasonal or annual (short term) cropping decisions (Grove, 2006).  Biological processes change 

over time and this makes it impossible to accurately describe these systems without reference 

to the time dimension.  Agricultural systems are dynamic, in the sense that they are in a 

constant state of change and evolution, whereby current events will affect their performance 

both financially and biologically in the future.  The finances of the system are always dynamic, 

with future possibilities being affected by many different events, which influence the biological 

and economic efficiency of the farm.  Therefore, DLP can be used to accurately model the 

complexity that can be encountered in the agricultural systems. 

 

Whole-farm planning models are mostly developed with DLP; the reason for the development 

of whole-farm planning models with this technique was to enable agricultural economists to 

provide policy makers, as well as farmers, with a holistic (whole farm) answer on practical farm 

problems.  It often happened in the past that the soil scientist, the animal scientist, the 

economist, etc. gave the farmer or policy maker their own isolated points of view on 

development or extension aspects without telling them the whole truth (Louw, 1996).  Although 

whole-farm decision making is very complex, it is important for outsiders attempting to serve or 

influence farmers (e.g. through research or extension) to have some way of analysing and 

understanding whole-farm issues.  Without this, any advice given may be incompatible with the 
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local farming practices, or may lead to lower, rather than higher, economic returns to farmer 

(Pannell, 1996). 

 

2.6.2 APPLICATION OF DYNAMIC LINEAR PROGRAMMING IN CLIMATE 

CHANGE MODELLING  

 

DLP has been widely used in different areas of agriculture.  Most of the applications of DLP 

are recorded in the optimisations of agricultural water use.  Application of DLP in climate 

change related research is a new application that has just erupted.  Therefore, not many 

studies are available for review in this area.  Most times, in climate change studies DLP is 

used in conjunction with other models in an integrated modelling framework.  The discussion 

of the applications of DLP is divided into International and South African applications. 

 

2.6.2.1 International research 

 

As mentioned above, existing applications can be traced to agricultural water use optimisation.  

Several applications can be found in the review done by Conradie and Hoag (2004) concerning 

the application of mathematical programming models to determine irrigation water values. 

 

Looking at climate change research, McCarl et al. (1999) used a multi-period, regional, 

mathematical programming economic model to evaluate the potential economic impacts of 

global climatic change on the U.S. forestry sector.  A wide range of scenarios for the biological 

response of forests to climate change were developed ranging from small to large changes in 

forest growth rates.  The response functions were used to characterise broad impacts of climate 

change on the sector.  Results show that aggregate impacts (across all consumers and 

producers in the sector) are relatively small but that producers income and future welfare 30 – 

40 years in the future are most at risk.  The forest sector was found to adjust to mitigate climate 

change impacts, including interregional migration of production, substitution in consumption, 

and altered stand management. 

 

John et al. (2005) used a whole-farm programming model, with discrete stochastic programming 

to represent climate risk and explore the consequences of several climate scenarios.  The study 

provides a detailed analysis of these effects for an extensive dry land farming system in south-

west Australia.  Projected changes in climate would affect not only the profitability of agriculture, 

but also the way it is managed, including the way issues of land conservation are managed.  

Climate change may reduce farm profitability in the study region by 50 % or more compared to 

the historical climate.  Results suggest a decline in the area of crops on farms, owing to greater 

probability of poor seasons and lower probability of very good seasons.  The reduced 

profitability of farms would likely affect the capacity of farmers to adopt some practices that have 

been recommended to farmers to prevent land degradation through dry land salinisation. 
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Shrestha et al. (2004) developed and applied a farm-level dynamic linear programming (FDLP) 

model to examine the impact of climate change on dairy farms in central England.  The model 

was used to consider the effects of climate change on grass production and conservation.  It 

aimed to determine whether these farms needed to change under future climatic conditions and 

if so, what type of adaptations would be the best for maximising their farm profits.  The FDLP 

model was run again (Adaptation-run) for 2050 with any changes in farm activities in the 

Climate-run restricted to the Base-run values.  The difference in net margin between the 

Adaptation-run and the Climate-run, if negative, showed that farmers’ needed to change under 

future climatic conditions. 

 

2.6.2.2 South Africa research 

 

A few applications can also be found in South Africa.  Callaway et al. (2006) developed the Berg 

River Dynamic Spatial Equilibrium Model (BRDSEM).  It is a dynamic, multi-regional, non-linear 

programming (DNLP) model patterned after the ‘hydro-economic’ surface water allocation 

models developed by Hurd et al. (1999, 2004) for five major river basins in the US.  It is a water 

planning and policy evaluation tool that was developed specifically to compare the benefits and 

costs and economic impacts of alternatives for coping with long-term water shortages in the 

Berg River Basin and Cape Town owing to climatic change. 

 

More generally, the model was developed as a prototype to illustrate to basin planners how this 

type of model could be used in wider applications to assess the benefits and costs of 

alternatives for increasing water supplies and reducing water use with and without climate 

change.  The core of BRDSEM consists of three modules, namely: The Intertemporal Spatial 

Equilibrium Module, the Urban Demand Module and the Regional Farm Module.  These models 

are linked in an integrated methodology framework with Global Circulation Model data, a 

regional hydrologic model and inputs about policies, plans and technologies (see Callaway et 

al., 2006, for further information about the model and development). 

 

Louw et al. (2011) used the basic features of the BRDSEM to expand and improve the 

modelling framework for the CCAA project.  The model was used to simulate different 

adaptation strategies to cope with climate change in Berg River catchments and parts of the 

Breede River.  The Louw et al. (2011) model, which is an advancement of the Callaway et al. 

(2006) model, was also found not be sensitive to climate variables.  It was pointed out that there 

is a need for more research to increase the sensitivity of the farm models to climate change 

variables (temperature and water availability). 

 

Temperature is an important climate parameter which has been projected to increase in the 

future.  This has implications for deciduous fruit production in the Western Cape, South Africa.  
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The majority of the agricultural crops produced in this area are deciduous fruits which require a 

certain degree of coldness (chill unit) for optimal production.  If these requirements are not 

met, it could have serious implications for yield and crop combinations of the farmers.  The 

impact of temperature on water availability and chill unit accumulation have to be adequately 

modelled in order to arrive at a valid conclusion regarding the adaptation scenarios considered 

both in the present and in the future. 

 

2.7 CROP WATER MODELLING MODELS AND APPLICATION IN SOUTH 

AFRICA.  

 

Singels et al. (2010) have provided a review on the development of water balance and crop 

models and the impacts of these models on production in South Africa.  Models such as ACRU, 

BEWAB, CANE-GRO, CERES, PUTU, SAPWAT and SWB were considered in the review.  

Singels et al. (2010) highlighted the key characteristics and achievements of major South 

African modelling initiatives and their contribution to improving the sustainability and efficiency 

of South African crop production, as well as enhancing the science of crop production.  Key 

factors necessary for successful crop water balance and future opportunity for model 

development and application were also presented.  The research by Singels et al. (2010) 

provided a good overview of the characteristics of the different models and their application. 

Of all the models mentioned above, SWB (Annandale et al., 1999) and SAPWAT (Crosby and 

Crosby, 1999 & Van Heerdeen et al., 2008) are two models that are locally available to estimate 

the crop water requirements of a variety of crops in South Africa (Grove, 2007).  SWB is a very 

sophisticated crop growth simulation model that was specifically developed to improve real-time 

irrigation scheduling.  The development of the model was in line with the old paradigm of 

determining when to irrigate and how much to irrigate to sustain maximum crop yield (Grove, 

2007).  The adoption of the model was relatively slow and the user base is still very small.  Two 

of the reasons why irrigation managers do not adopt the model are that, until recently, it was 

cumbersome to set the model up and to simulate predefined irrigation schedules (Jordaan, 

Grové, Steyn, Benadé, Annandale and Pott, 2006).  Accordingly, the usefulness of the model to 

evaluate the relative profitability of alternative irrigation schedules was hampered. 

 

SAPWAT was developed as a planning and management tool for the estimation of crop water 

requirements by irrigation engineers, agriculturists, managers and farmers in South Africa 

(Crosby and Crosby, 1999).  It is a further development of CROPWAT (Smith 1992) and can 

be used to estimate irrigation requirements of crops under varying crop production approaches 

and climates.  SAPWAT has been fully adopted by the DWAF as a tool for determining 

irrigation water allocation in connection with the registering and licensing of agricultural water 

use. 
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SAPWAT has been widely used in South Africa to calculate crop water requirements.  Several 

factors motivated the choice of SAPWAT over SWB by Grove (2007).  Firstly, SAPWAT is 

founded on internationally accepted principles of estimating crop water requirements (FAO-56, 

Allan, Pereira, Raes and Smith, 1998) and is regarded as the standard in estimating crop 

water requirements in South Africa.  As a result, the user base is large.  Furthermore, 

government also sees it as a tool to benchmark lawful water use under the National Water Act 

(Act 56 of 1998).  Secondly, it is easy to use the model because it is supplied with weather 

data and a unique set of crop parameters that is specific to South Africa.  Thirdly, the model 

has a function to write the water budget equations to Excel©.  From a research perspective, 

this is of benefit since the researcher does not need to have any experience in computer 

programming to evaluate the code in order to improve the model (Grove 2007).  In addition to 

this, the crop varieties database in SAPWAT is extensive and it has provision for tree and 

deciduous crops which is not common in other models.  SAPWAT uses the Koppen climate 

system (Koppen 1931; Strahler & Stralher 2002) for calculating crop coefficients and will 

therefore make it widely acceptable (Singels et al., 2010). 

 

2.8 CHILL UNIT ACCUMULATION MODELS IN SOUTH AFRICA  

 

Temperature is a basic climatological parameter used frequently as an index of the energy 

status of the environment.  It is the one climatic variable for which there is a high degree of 

certainty that it will increase with global warming (Schulze, 2012).  Temperature during winter 

influences the growth and development of the buds of deciduous fruit, even though this might 

not be always visible from the outside during the dormant period.  Winter temperatures also 

have a strong impact on flower quantity and quality and the timing and severity of flowering 

(Lötze and Bergh, 2012). 

 

Agricultural scientists have developed mathematical models that are used by growers to select 

tree cultivars with chilling requirements that correspond to available chilling at a specific 

location.  However, a grower’s understanding of available winter chill is likely to reflect 

conditions of the past rather than those expected for a warmer future.  Since orchards often 

remain in production for decades, consideration of future expected winter chill is necessary in 

times of imminent climate change.  The accurate quantification of the ‘coldness’ of winter using 

phenological models can therefore assist farmers with a relatively complete assessment of how 

particular cultivars fare under the current conditions, which facilitates cultivar choice (Savage 

and Prince, 1972).  Accurate models can also help researchers assess the effect of various 

climate change possibilities on fruit production in the fruit producing areas.  The phenological 

models can also be used to predict maturity dates which improve the market delivery of fruits 

(Smith, 1985). 
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In South Africa two important monitoring systems for chill accumulation have been commonly 

used.  The Utah or Richardson model (Richardson et al., 1974), measuring “Richardson Chill 

Units (RCU)” and the Infruitec model (daily positive Utah model), measuring “Infruitec Chill Units 

(ICU)”.  Other models as identified in the literature are the Dynamic model (Fishman et al., 

1987) and the Chilling hours model (sometimes referred to as Weinberger Model; Weinberger, 

1950).  It is important to note that some researchers refer to chill unit as chill hours.  In effect, for 

the earlier low chill stone fruit, the accumulations are made in the months of May, June and 

July.  For the pome fruits, August is also very important (Hacking, 2006).  Studies on winter chill 

and chilling requirements often tacitly assume that the choice of the model is not important and 

that all models can be used interchangeably (Saure, 1985).  As these models all rely heavily on 

the weighted values of hourly temperatures, predicted changes in temperature in winter will thus 

have a huge impact on these calculations.  Especially if these changes occur in the region 

between 0°C and 18°C, the present values used for c hilling unit accumulation at present, total 

accumulated chill units may change dramatically between seasons. 

 

The Richardson and Infuitec models accumulate the same way, with the exception that the 

Infruitec model does not allow one to lose units when the temperature exceeds 16°C once these 

units have been “banked” by not being forfeited within the first 24 hours after accumulation.  The 

accumulation table is set out in Table 2.2: 

 

Table 2.2   Accumulation table for Richardson and Infruitec Chill Unit Models 

Temperature 0C Richardson Units  Infruitec Units  

< 1.4 0 0 

1.5 – 2.4 0.5 0.5 

2.5 – 9.1 1 1 

9.2 – 12.4 0.5 0.5 

12.5 – 15.9 0 0 

16 – 18 -0.5 0 

>18 -1 0 

Source: (Hacking, 2006) 

 

The Utah model of Richardson et al. (1974) was developed for peaches in areas with very cold 

winters, but it is now widely accepted for use in deciduous fruit growing areas worldwide.  The 

Utah model (Richardson et al., 1974) contains a weight function assigning different chilling 

efficiencies to different temperature ranges, including negative contributions by high 

temperatures.  The model assigns chilling units for each hour at a given temperature, with 

temperatures between 2.5° and 9.2°C being the most favourable for chill unit accumulation 

(Table 2.2) because Richardson suggests that the full chill unit can be acquired when the 

temperature in an hour is between 2.5° and 9.2°C.  This model has been adopted by the South 
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African deciduous fruit industry in the South Western Cape (Linsley-Noakes et al., 1995).  There 

are threshold temperatures which are important as some contribute to the chilling requirement 

and others do not.  High temperatures do not contribute to the chilling requirement and 

temperatures below 0°C are also not considered effe ctive for chilling.  In some models higher 

temperatures counteract the positive effects of chilling and negative chill units are applied when 

temperatures exceed the threshold or when they are below threshold (Richardson et al., 1974). 

The Infruitec model calculates chill units by using the average temperature for each hour which 

is summed every 24 hours.  If the total for the 24 hour period is negative it is counted as zero, 

but if the total is positive, it is added to the monthly total.  These units were originally called 

“modified Utah chill units” (Linsley-Noakes, Allan and Matthee, 1994; Sheard, 2001), then 

Positive Daily Richardson Units (Allan et al., 1995), and finally Daily Positive Utah Chill Units 

(PCUs) (Linsley-Noakes et al., 1995).  This model has been found to give a more accurate 

estimation of winter chilling in areas with mild winters, as well as areas experiencing very cold 

winters (Allan, 1999). 

These models (Richardson and Infruitec) have been applied in South Africa (Midgley and Lötze, 

2011 and Tharaga et al., 2013) and have been found to produce good and consistent results, 

depending on the area. 

2.9 SUMMARY AND CONCLUSION  

 

Climate change is a reality.  Given the climatic requirements of fruits, and the expected change 

in climatic conditions in the Western Cape, the fruit farmers are in for a rough ride.  Farmers will 

have to adapt in order to remain in production.  Depending on the type of adaptation considered 

or combination of adaptations considered, adaptation should be able to completely offset most 

of the agricultural income loss, or if not, will leave an individual farmer with a relatively small 

loss.  The farmer may be forced to lower profit expectations, but the farmer should remain 

solvent and flexible enough to be able to develop new production and marketing strategies for 

the future (Easterling et al., 2004).  At this level, such an adaptation can be said to be 

successful.  Thus, adaptation can be considered successful if it maintains services or welfare 

with a small or minimal loss. 

It has been identified in the literature that an integrated approach to climate change adaptation 

has the potential for incorporating different modules in one framework.  An integrated 

assessment model (IAM), which combines scientific and economic aspects of climate change, 

primarily for the purpose of assessing policy options for climate change adaptation, is required 

to understand the appropriate adaptation option to cope with the projected impact of climate 

change. 
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DLP can be used as an economic model in the framework of IAM.  The DLP method proves to 

be appropriate in simulating the farm system.  It is a useful tool for analysing the interactions 

between management measures and production intensity on one hand, and farm income and 

environmental aspects on the other hand.  Moreover, it is a useful tool for determining the 

implications of different policy options at farm level on economic and environmental aspects of 

farming.  Whole-farm planning models are mostly developed with DLP; the reason for the 

development of whole-farm planning models with this technique is to enable agricultural 

economists to provide policy makers, as well as farmers, with a holistic (whole-farm) answer to 

practical farm problems.  Without this, any advice given may be incompatible with the local 

farming practices, or may lead to lower, rather than higher, economic returns to the farmer 

(Pannell, 1996). 

 

A shortcoming of the existing model, nevertheless, is the fact that the impacts of temperature 

and crop water requirements are not properly modelled and this has an impact on the sensitivity 

of the model.  Thus, researchers are unable to model the impact of temperature increases in the 

modelling framework which will have impact on the various adaptation options.  In order to 

accurately quantify the economics of different adaptation strategies at farm level, the existing 

models need to be adjusted and a methodology developed to incorporate the impact of 

temperature. 

Crop water requirements and chill unit requirements of various crops have been found to be 

dependent on temperature.  Therefore, the impacts of temperature on crop water requirements 

and on chill unit accumulation have to be incorporated into the farm model in order to improve 

the sensitivity of the model to climate variables.  Several models can be used to estimate crop 

water requirements in South Africa but SAPWAT has been fully adopted by the DWAF as a tool 

for determining irrigation water allocation in connection with the registering and licensing of 

agricultural water use.  SAPWAT has been widely used in South Africa and is proved to be 

sufficient in the estimation of irrigation crop water requirements. 

With respect to chill unit accumulation, two important monitoring systems for chill accumulation 

are mostly used in South Africa.  The Utah or Richardson model (Richardson et al., 1974), 

measuring “Richardson Chill Units (RCU)” and the Infruitec model (daily positive Utah model), 

measuring “Infruitec Chill Units (ICU).  Studies on winter chill and chilling requirements often 

tacitly assume that the choice of the model is not important and that all models can be used 

interchangeably.  These models (Richarson and Infruitec) have been applied in South Africa 

and have been found to produce good and consistent results, depending on the specific area. 

 

Based on the literature, an integrated assessment model (IAM) is important in the assessment 

of different adaption options to project impacts of climate change.  It is required that such an 

integrated methodology be sensitive to climate variables in order to adequately simulate the 

impact of various adaptation strategies on farm systems.  The inclusion of additional modules 
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will be essential in cases where the existing model is not sensitive enough for a valid 

conclusion to be made regarding the suitability of an adaptation strategy. 
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CHAPTER 3 
OVERVIEW OF CERES ECONOMY 

 

3.1 INTRODUCTION 

 

The main objective of Chapter 3 is to give an overview of the economy of Ceres and its 

relative importance to Western Cape economy.  Firstly, a general description of Ceres and its 

location is presented.  Thereafter, information will be given about the Koekedouw irrigation 

scheme which is the major source of irrigation water in Ceres.  A description of the Ceres farm 

structure with specific reference to land use, crop areas, water sources and chill unit 

requirements of some deciduous fruit crops follows.  The last section puts into perspective the 

importance of the agricultural sector in the regional economy.   

. 

3.2 GENERAL DESCRIPTION AND LOCATION OF CERES 

 

Ceres is a town with about 46 251 inhabitants in the Western Cape Province of South Africa 

(www.planyourholiday.co.za/western-cape/ceres).  Figure 3.1 shows a map of the Western 

Cape indicating the location of Ceres and the surrounding towns.  Figure 3.1 also shows that 

the Western Cape is bounded to the north by the Northern Cape Province and to the east by 

the Eastern Cape Province.  Ceres is the administrative centre of the Witzenberg Local 

Municipality and it lies 130 kilometres to the north-east of Cape Town.  It is an important 

agricultural town surrounded by affluent export-oriented fruit farmers (Umvoto Africa, 2010).  It 

is one of the largest deciduous fruit and vegetable producing districts in South Africa.  Fresh 

fruit produced in Ceres is marketed both locally and internationally, as well as other products 

such as fruit juices, dried fruit, potatoes and onions, just to mention a few.  Major crops 

include apples, pears, peaches, and to a lesser extent, grapes, plums, nectarines, cherries, 

and for good measure, potatoes and onions.  Ceres produces large quantities of fruit juices 

(the local juicing plant is the largest in the country).   

 

The combined impact of the high topography, the distance from the sea, the high rainfall in 

winter and low rainfall in summer and the dry summers create a uniquely favourable climate 

for deciduous crops, especially for pears, apples and nectarines.  Of the entire pear producing 

regions in South Africa, the Ceres region has the highest potential.  The fact that Ceres 
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produces almost half of the total pear production in South Africa reflects these favourable 

conditions (Bester, 1991 and Louw, 2002).   

Farmers from the Koue Bokkeveld (Olifants Doorn Catchment) and the Warm Bokkeveld 

(Breede Catchment) also use Ceres as a service centre (Umvoto Africa, 2010).  Ceres thus is 

important to the economy of the Western Cape Province because of the strong agriculture-

based industry and services. 

 

 

Figure 3.1:   Map of Western Cape Province showing location of Ceres 

Source: http://routes.co.za/wc/ceres/ 
 

Ceres serves as the hub of one of South Africa’s most abundant fruit growing regions, a wide 

upland basin girded by the splendid mountains of the Witzenberg, Skurweberg and Hex River 

Mountain ranges.  It is also known as the “Eden of Africa”.  Furthermore, according to the 

classification of towns in hierarchy, Ceres is classified as the second most important town in 

the Breede River region, next to Worcester.  The region is fragmented internally by various 

mountain ranges with the result that no central service point exists in the spatial sense of the 

word.  All the main routes from the north of the region join together in Ceres en-route to the 

Cape Metropole, which adds to the importance of the town. 
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The Ceres district consists of three diverse areas and each has its own unique charm and 

landscape.  The Warm Bokkeveld is a wide fertile valley and is the centre of one of the richest 

agricultural regions of the Western Cape.  Nine kilometres north of Ceres, at the foot of the 

Gydo Pass, is Prince Alfred’s Hamlet – the hub of the potato and onion packing industry.  Bo-

Swaarmoed, east of Ceres, is famous for its cherry picking in season, snow during winter, 

proteas, and breath taking panoramic views of the valley.  The Koue Bokkeveld is a 

mountainous area situated on a plateau.  This is a fruit (apple and pear) and vegetable 

producing area.  The Ceres fruit processors, which produces the largest quantity of apple and 

pear concentrates, is also located in Ceres (PDC, 2005).   

 

As a result of the prominent mountain range, which forms a physical boundary between this 

area and the Cape Metropolis, a strong service sector has developed locally.  Ceres receives 

its bulk water supply from the Koekedouw Dam, situated on the Koekedouw River, a tributary 

of the Dwars River, which flows into the Breede River (Umvoto Africa, 2011).  The Ceres 

Koekedouw Dam was constructed to augment the water supply to the Ceres area.  Water is 

supplied to a combined group of industrial and agricultural users and managed by the Ceres 

Koekedouw Management Committee, which is a joint enterprise between the Witzenberg 

Municipality and the Koekedouw Irrigation Board.   

 

3.2.1 CLIMATE AND SOIL  

 

The climate in Ceres is characterised by a major temperature variation between the summer 

maximums and the winter minimums.  January and February are regarded as the hottest 

months of the year, with an average maximum of 29.9°C measured during February, while the 

average minimum of 2.4°C is measured during July (C TB, 2010).   

 

Figure 3.2 shows the rainfall distribution pattern in the Ceres region on a monthly basis, 

generated from SAPWAT for years with low, average and good rainfalls.  The average annual 

rainfall is 1 088 mm and the rain falls mainly during the winter months reaching a peak during 

May – July, depending on the distribution for the year.  Snowfalls on the high mountain peaks 

are a common occurrence during winter and remain for up to 2 weeks at times.  Summer 

rainfall is fluctuating and sporadic and is not considered for irrigation planning purposes.   

 

The Warm Bokkeveld experiences large temperature fluctuations throughout the year, as well 

as on a daily basis.  Maximum temperatures of more than 40 C are common whereas during 

the winter night temperatures can stay below 0 C for long periods at a time.  These climatic 

characteristics are favourable for deciduous fruit production (Bester, 1991).  Relatively 

windless summers are also advantageous for fruit production since wind damage to fruit is 

reduced.  The relatively low moisture content of soils, of between 55 and 60 %, throughout the 
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year necessitate frequent irrigation and increase crop water requirements relative to other 

areas.  On the other hand, the high summer temperatures are more tolerable for fruit trees 

compared to areas with high summer temperatures coupled to high humidity.   

 

 

Figure 3.2:   Actual monthly rainfall data from SAPWAT for the rainfall at H10C Weather 

station for years with low, average and good rainfall 

 

Most of the soils in the Koekedouw irrigation region are sandstone soils.  These soils are well 

trans-illuminated and deep, but have chemical imbalances.  Bester (1991) gives a 

comprehensive report on the soil types and potential in the area.   

 

 

 

3.3 THE KOEKEDOUW IRRIGATION SCHEME  

 

The Koekedouw irrigation scheme is the major source of water supply to the Ceres region.  

The Koekedouw dam is approximately 2 kilometres north-east of Ceres on the Koekedouw 

River and was completed in 1998.  It replaced the old concrete gravity arch dam at the same 

site which no longer had sufficient capacity and had also suffered earth quake during the 

1969/90 period when severe damage to houses occurred at the nearby town of Tulbagh 

(Jones and White, 1999).  Water from the dam is supplied to the town of Ceres, as well as 

Koekedouw Irrigation Board, for direct summer irrigation.  The total average annual runoff is 
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22.5 million m3 with no upstream extraction: the dam was designed to supply 17 million m3/a at 

85 % assurance supply (BOCMA, 2010 & DWAF, 2003). 

 

Ceres is entitled to 7 million m3/annum from the dam until 30 September 2017; whereafter the 

allocation will be increased to 10 million m3/a.  The implication of this agreement is that Ceres 

encourages water consumption in order to be able to repay the investment into the dam 

(Umvoto Africa, 2011).  In-stream flow requirements (IFR) of some 7 million m3/a (in a good 

year) and 4 million m3/a (in a dry year) are catered for prior to the supply of water to the 

above-mentioned two parties (DWAF 2003).  A number of boreholes situated in shale 

formations can supply water.  The boreholes target the Bokkeveld formation and the water is 

of poor quality.  These are currently not utilised, as the town has sufficient water available 

from the Koekedouw Dam (Umvoto Africa, 2011).  The water scheme is a pipeline distribution 

system situated on the western side of the Ceres Warm Bokkeveld region (see Appendix 1 for 

the layout of the bulk water infrastructure).  The scheme distributes untreated water out of the 

dam from the distribution point, going in a northern and easterly direction to 41 farms mainly 

for irrigation purposes and to a lesser extent for household usage.  The scheme consists of 

12.36 kilometres of pipeline and 14 side lines with a total length of 19.65 kilometres.  The total 

pipeline length is 32.01 kilometres (Bester, 2000). 

 

3.4 DESCRIPTION OF THE CERES/KOEKEDOUW FARM STRUCTU RE 

 

Louw (2007) compiled notional representative farms for the Ceres district to establish a 

comprehensive business plan for the Koekedouw Emerging Farmers.  These representative 

farms are adopted and used in this study.  The Ceres farm region comprises both emerging 

(small-scale) and commercial farmers.  The construction of notional representative farms from 

farm survey data is a common agricultural economic practice.  Four representative farms 

(emerging, commercial small, commercial medium and commercial large) were constructed.  

The emerging farms surveyed were modelled as standalone farms in the farm model while the 

commercial farms were treated as representative farms.  This was done in order to capture 

the differences in economies of scale and the extent of the area irrigated was used as basis to 

identify representative farms. 

 

3.4.1 LAND CLASSIFICATION  

 

Figures 3.3 and 3.4 represent the land use classifications for the Ceres farmers.  A total of 

626 ha of land is available to the emerging farmers, of which 240 ha are irrigable and 186 ha 

are actually irrigated.  Dry land represents another 137 ha and the remaining area consists of 

other odd pieces.   
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Figure 3.3:   Ceres emerging farmers land use classification. 

 

The commercial farmers land classification is presented in Figure 3.4.  A total of 1 136 ha of 

land is available to the commercial farmers, of which 283 ha are irrigable and 267 ha are 

actually irrigated.  Dry land represents another 266 ha and the remaining area consists of Odd 

and Veld. 
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Figure 3.4:   Ceres commercial farmers land use classification 

 

It can be concluded from Figures 3.3 and 3.4 that a large hectarage of land is under irrigation 

agriculture.  Therefore, the availability of irrigation water and access to irrigation water by 

both emerging and commercial farmers is crucial for agricultural production in Ceres. 

 

3.4.2 CROP AREAS  

 

Figures 3.5 and 3.6 represent the current utilisation of land by both the emerging and 

commercial farmers, respectively.  Figure 3.5 shows that, for emerging farmers, wheat 

(dryland) is the dominating crop with 31 % of the total land use.  This is followed by long-term 

pastures (16 %), peaches (13 %), lucerne (11 %) and butternuts (6 %).  Since this group of 

farmers are emerging farmers, they might not have access to capital to plant high-valued 

deciduous fruit crops in large scale, but as can be seen from Figure 3.5, such crops have 

been planted already.  The area planted to deciduous fruits can be increased as capital and 

technical know-how has been provided to these groups of emerging farmers. 
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Figure 3.5:   Land utilisation according to crops by emerging farmers 

 

Figure 3.6 shows that peaches (34 %), barley (25 %) and plums (11 %) are the major crops 

planted by the commercial farmers in the Ceres region.  Commercial farmers thus produce 

more high-value crops which are destined for the export market and local consumption. 

 

 

Figure 3.6   Land utilisation according to crops by commercial farmers 
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3.4.3 WATER SOURCES 

 

Figure 3.7 shows the percentage contribution of different water resources to the total irrigation 

water for farmers in Ceres.  Koekedouw water (summer and winter water) contributes 

approximately 43 % to total water resources.  This shows the importance of the Koekedouw 

irrigation scheme to the livelihood of the Ceres farmers.  Farm dams are second largest 

source of water (natural runoff volume only), which represent 29 % of the total volume, 

followed by boreholes (17 %).  Approximately 50 % of the total farm dam capacity is filled up 

from natural runoff and the balance filled up with winter water sources (Koekedouw winter, 

Warm Bokkeveld, Dwarsriver, Boreholes, Rietvallei).  Although boreholes are a relatively 

inexpensive source, pumping costs are approximately 14.5 cents per m3 of water or R1 000 

per ha irrigated.  The Koekedouw summer water entitlement plays an important role in terms 

of security of water supplies during the summer. 
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Figure 3.7   Ceres farmers water supply sources 

 

3.5 CERES DECIDUOUS FRUITS AND CHILL UNITS REQUIREM ENTS 

 

All economically important fruit and nut tree species that originated in temperate and cool 

subtropical regions that are cultivated in South Africa have chilling requirements that have to 

be fulfilled each winter to ensure homogeneous flowering, adequate fruit set, and 

economically sufficient yields (Luedeling et al., 2009).  Total seasonal chill accumulation is 

nonetheless important in determining the progression of bud dormancy and a region’s 

suitability for fruit production.   
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Table 3.1 presents four main cultivars of some deciduous fruit crops that are typically planted 

in the Ceres region, with their associated winter chill requirement.  These indicated chill units 

represent the amount of coldness that is required for these deciduous fruits to break 

dormancy.  The selection of these four main cultivars was based on a 2012 tree census.  The 

tree census gives information about the different cultivars and area planted to those cultivars.  

The selected four cultivars for each fruit type are selected based on area cultivated. 

 

Table 3.1 :  Selected fruit types in Ceres and Richardson chill unit requirements 

Apples RCU Pears RCU Apricots RCU Nectarines 
RC
U Plums RCU 

Golden  
Deliciou
s 1400 Forelle 850 Soldonne 650 August red 650 Angeleno 400 

Top red 
/starking 1400 

Williams 
bon 
chretien 1200 Bebeco 700 Fantasia 600 

Southern 
belle 600 

Royal 
gala 1200 

Packham's 
triumph 900 Ladisun 500 Flamekist 700 Fortune 400 

Granny  
Smith NA Abate Fetel 850 Suaprieight 450 

Summer 
Bright 550 

African 
delight 250 

 

Table 3.1 shows that the chill unit requirements for apple cultivars Golden Delicious and Top 

Red are 1 400 RCU.  Apples require more compared to the other deciduous fruit types 

presented in Table 3.1.  Chill unit requirement for pear range between 850 – 1 200 RCU.  The 

Williams Bon Chretien pear cultivar has the highest chill unit requirement of 1 200 RCU among 

the pear cultivars presented.  Other deciduous fruits such as nectarines, apricots and plums 

have relatively moderate chill unit requirements.  Considering the long life span of deciduous 

fruits compared with annual crops and the substantial investments required for their 

establishment, tree crop growers will be affected if the required chill unit is not accumulated.  

Farmers are sometimes forced to use artificial rest breaking chemicals, which translate to 

increases in production costs and hence have an impact on the profitability of such 

enterprises. 

 

3.6 IMPORTANCE OF THE AGRICULTURAL SECTOR IN THE RE GIONAL 

ECONOMY 

 

Agriculture is a major economic contributor to the Western Cape economy.  Although the 

province contributes only some 14 % to the country’s Gross Domestic Product, it generates 

almost 23 % of the total value added by the agricultural sector in South Africa (Murray, 2010).  

The diverse production capacity of the province allows for at least 11 commodities to 

contribute significantly to agricultural production.  Fruit, broiler poultry, eggs, winter grains 

(such as barley and wheat), hops, viticulture, ostriches and vegetables together contribute 

more than 75 % of the total output.   
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The diversity of agricultural enterprises contributes to the provincial farming sector’s general 

stability (Murray, 2010).  The main industries in the sector include fruit, which contributes 

about R2.4 bn; winter grain, some R1.8 bn; white meat valued at R1,6 bn; viticulture worth 

R1.6 bn; and vegetables worth R1.4 bn.  The agricultural sector is critical for the Western Cape 

economy, accounting for 60 % of regional exports. 

 

The majority of the export potential for South African agriculture is concentrated in the wine 

grape producing areas of Worcester, Robertson and Stellenbosch; in the deciduous fruit areas 

such as Caledon, Paarl and Ceres; and in the citrus producing areas such as Citrusdal 

(McDonald & Punt, 2001).  Eckert et al. (1997) have pointed out that agriculture plays a major 

role in the economy of the Western Cape.  They used a social accounting matrix (SAM) to 

calculate the fixed price multipliers for agriculture in the Western Cape.  These are presented 

in Table 3.2.  Thus, R1.0 of additional demand for the horticultural sector’s output will increase 

provincial value added by R1.40, require R0.2 of additional imports and contribute R0.24 to 

government revenue.  In addition, 92.8 number of person-years employment will be created 

per extra R1.0 million final demands. 

 

Table 3.2 :  Fixed price multipliers for commodity and sector groupings 

 Employment a Value added b Imports b Government 
revenue b 

All Agriculture 82.8 1.29 0.21 0.26 

Cereals 26.1 1.02 0.27 0.27 

Other crops 70.8 1.36 0.19 0.25 

Horticulture 92.8 1.40 0.20 0.24 

Livestock 88.4 1.25 0.20 0.27 

Agribusiness 39.7 1.02 0.26 0.2 

Non-Agriculture 29.4 1.1 0.25 0.22 

a Number of person-years employment created per R1.0 million final demand 

b Rand value per additional R1.0 of final demand 

Source: Eckert et al. (1997) 

The agricultural sector contributes nearly 13 % of the total formal sector jobs in the Western 

Cape.  Horticultural enterprises dominate agriculture's contribution to provincial value added, 

employment, and employee remuneration.  In descending order, viticulture, deciduous fruit, 

field scale vegetables and table grapes lead in this regard.  All of these crops dominate in 

agricultural activities in the Koekedouw irrigation scheme. 
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Figure 3.8 is a simple representation of the economy of Ceres and the linkages between key 

socio-economic factors. 

 

 

 

Figure 3.8   Representation of socio economic linkages in the provincial economy 

 

Figure 3.8 shows that there is a close relationship between growth in the agricultural sector 

and its impact on growth in secondary industries, job creation, social problems and the spill 

over to the rest of the Western Cape economy, in particular the Cape metropolis. 

 

3.7 CONCLUSIONS 

 

The Ceres region is a well-endowed agricultural area in the Western Cape.  Both the 

emerging and commercial farmers are situated in Ceres.  Availability of irrigation water is 

especially crucial to the production of crops and the region produces high-value exportable 

crops for the international market.  The chill unit requirements for the deciduous fruits 

produced in the Ceres region are fairly high.  This coupled with the projected future increases 

in temperature could have impacts on the chill unit accumulations of certain crops, and 

consequently farmers might find it difficult to produce certain fruit crops in the future.  The 

agricultural sector is a significant contributor to Ceres economy in terms of its contribution to 

the provincial agricultural GDP, the provision of jobs and the multiplier effect on the provincial 
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economy.  Therefore, intervention at farm/area level will surely have an impact on the 

provincial economy because of the inter linkages that exist.   
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CHAPTER 4 
METHODOLOGY 

 

4.1 INTRODUCTION 

 

The main objective of this chapter is to describe the procedure used to develop the integrated 

model used to simulate the impact of climate change and devise different adaptation 

strategies.  The chapter commences by giving the structure of the integrated methodology 

and the various modules that were linked together to form the integrated model.  The model 

includes a Ceres farm module, and an urban demand module embedded in an intertemporal 

spatial equilibrium framework.  The modules are linked together in an integrated framework 

with inputs from a Global Circulation Model (GCM), the Agricultural Catchments Research 

Unit (ACRU), an irrigation crop water requirement module (SAPWAT) and a chill unit 

accumulation module.  Lastly, the expected outputs were highlighted and conclusions were 

drawn based on the relevance of the new model developed from the existing ones. 

 

4.2 MODEL STRUCTURE 

 

Callaway et al. (2006) developed the Berg River Dynamic Spatial Equilibrium Model 

(BRDSEM).  BRDSEM was developed specifically for this region to help water policy-makers 

and planners to examine the physical and economic impacts of rapid population growth and 

climate change; to assess the physical and economic benefits and costs of structural and 

non-structural measures for coping with both these problems; and to estimate the economic 

value of the physical damages that could be avoided by these options.  Louw et al. (2011) 

used the basic features of the BRDSEM to expand and improve the modelling framework for 

the IDRC (International Development Research Centre) project.  The model was used to 

simulate different adaptation strategies to cope with climate change in Berg River catchment 

and parts of the Breede River.  Louw et al. (2011) concluded that there was a need for more 

research to increase the sensitivity of the farm models to climate change variables 

(temperature and water availability).  In this present study an attempt was made to increase 

the sensitivity of the model in order to make valid policy recommendations and valid 

conclusions regarding different adaptation strategies available to the farmers at farm level.  

Two additional modules, namely the crop water module and chill unit accumulation module, 

were integrated with the models devised by Callaway et al. (2006) and Louw et al. (2011) to 

form the Ceres Dynamic Integrated Model (CDIM).  The Louw et al. (2011) model was 
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developed at regional and aggregated level and accordingly the basic structure of the model 

was adopted to develop the Ceres model at farm level.  In addition, the Ceres area was not 

considered in the previous modelling work that had been done on Western Cape. 

 

A schematic diagram of the Ceres Dynamic Integrated Model is presented in Figure 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1:   Ceres Dynamic Integrated Model (CDIM) Schematic Diagram 

Source: Developed from Callaway et al. (2006) and Louw et al. (2011) 

 

CDIM is an optimisation model that maximises the economic value of the net returns to water 

from urban and agricultural water users on a monthly basis over time.  Runoff nodes, storage 

and farm reservoirs and water diversions are linked together by spatially differentiated flows 

consistent with basin hydrology.  As presented in Figure 4.1, outputs from the GCM model of 

the University of Cape Town are linked to the Regional hydrological model (ACRU) of 

University of Kwazulu Natal to generate the data that is used in the Ceres farm model.  Crop 

water requirements for base and future climate from SAPWAT and the accumulated chill unit 

from the Richardson and Infruitec chill unit models are also linked to the farm model. 

 

 

 

 Policies, Plans, 

and Technology 

Options 

For 

Increasing 

Water Supply 

and 

Reducing Water 

Demand 

Dynamic 

Programming 

Model  

 

Output 

 

Benefits and Costs 

Water Value 

Water Prices 

 

Reservoir: 

 Inflows 

 Storage 

 Transfers 

 Releases 

 Evaporation 

 

Water Use: 

 Urban 

 Farms 

Ceres Farm 

Module 

Crop Water 

Module 
Intertemporal 

Spatial Equilibrium 

Module 

Chill Unit 

Accumulation 

Regional 

Hydrological 

Model 

Urban demand 

Module Global 

Circulation 

Model data 



Methodology 

47 

 

4.2.1 DESCRIPTION OF THE MODULES OF THE MODEL  

 

The Ceres Farm Module:  This module consists of data from 11 emerging farmers and 3 

representative commercial farmers.  The model simulates the demand for agricultural water in 

the Ceres (Koekedouw) region.  Included in the module are crop water relationships and 

different irrigation technologies (e.g. drip, micro and sprinkle), as well as chill unit 

requirements for deciduous fruit crops, to simulate the impact of climate change on water 

availability and farmers’ crop combinations.  The demand for agricultural water is a derived 

demand gauged from the demand for agricultural products.  For each of typical farms there is 

a possibility of four possible water supply sources, one from the Koekedouw dam, farm dam, 

river or borehole (not necessarily for all). 

The Intertemporal Spatial Equilibrium Module : The module was based on that of Callaway 

et al. (2006).  It consists of a series of linear equations that characterise the water balances 

over time in specific reservoirs and the spatial flows of water in the basin, linking the runoff, 

reservoir inflows, inter-reservoir transfers and reservoir releases, to urban and irrigated 

agricultural demands for water.  The module is basically the link between the hydrological 

(water supply) module and the economic model (dynamic programming model).   

The Urban Demand Module : This module simulates the demand for urban water.  The 

module was patterned along those of Callaway et al. (2006) and Louw et al. (2011). 

 

The Ceres farm module and the urban demand module are linked directly to the storage and 

conveyance modules at different points of use in the basin and these three modules are then 

solved together as a dynamic programming model, using the inputs from the hydrology 

module. 

 

The model has the ability to simulate reservoir operation and water allocation to urban and 

irrigated agricultural demands, based on the objective of economic efficiency, by regulation, or 

by a mixture of the two. 
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There are other important sources of information external to CDIM and they are: 

 

• Global Circulation Model data (Downscaling Global C limate Models) : This model 

supplies the hydrologic model with information about monthly temperature and 

precipitation at specific points in the basin for climate scenarios.  The downscaling was 

done by the University of Cape Town climate research group as part of the input into the 

CCAA project.  A detailed description of the methodology is available in Louw et al. 

(2011). 

• A Regional Hydrologic Model:  This model (ACRU) converts the monthly temperature 

and precipitation data from the regional climate model into monthly runoff at different 

runoff gauges for each climate scenario.  The running and generation of output data from 

ACRU was done by University of Kwazulu Natal as part of the input into the CCAA 

project.  A detailed description of the methodology is available in Louw et al. (2011).  

Output from ACRU is used in the Ceres Farm Model by the author.  Detailed information 

about the processing of output from ACRU is presented later in this thesis. 

• Crop Water Requirement Model : SAPWAT3 was used to estimate crop water 

requirements for both the present and future climate.  This was based on the future 

climate projection information for Ceres supplied by Schulze (2012).  The SAPWAT 

database was re-parametised to estimate future crop water requirements since such 

information is not readily available in SAPWAT. 

• Chill Unit Model : This model estimates the accumulated chill units for a particular 

location based on temperature data.  The Utah model of Richardson et al. (1974) and the 

Daily positive Utah (Infruitec) chill unit accumulation model of Linsley-Noakes et al. (1994) 

are used to estimate the chill unit requirements. 

• Inputs about Policies, Plans and Technologies : This represents the sources of 

information that can be used to alter various parameters in the programming model to 

reflect alternative policies, plans and technologies for increasing water supply and 

reducing water use. 

 

4.3 CLIMATE PROJECTIONS AND EMISSIONS SCENARIOS  

 

The climate projections and associated emissions scenarios that were developed in the IDRC 

project and applied in hydrological modelling are given in Table 4.1.  The projections were 

available at a daily level for rainfall as well as for maximum and minimum temperatures. 
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Table 4.1:   Summary of climate projections applied in hydrological modelling based on A2 

emissions scenarios 

Period  UCT 
Present  
(1971 - 1990) 

IPSL-CM4 (“Low”) 
ECHAM5/MPI-OM (“High”) 

Distant future 
(2046 - 2065) 

IPSL-CM4 (“Low”) 
ECHAM5/MPI-OM (“High”) 

Source: Louw et al. (2011). 

 

The University of Cape Town (UCT) climate projections developed in the IDRC project were a 

regional downscaling of global projections derived from five IPCC coupled General Circulation 

Models (GCMs), namely, CGCM3.1(T47), CNRM-CM3, ECHAM5/MPI-OM, GISS-ER and 

IPSL-CM4 (the GISS-ER projections were later excluded owing to errors in the source GCM 

data).  The climate projections applied in hydrological modelling were limited to a “High” 

(ECHAM5/MPI-OM) and “Low” (IPSL-CM4) GCM (based on projected changes in annual 

rainfall) to limit the number of hydrological and economic simulations to a manageable level.  

The present period selected for hydrological and economic modelling was shortened to 20 

years (from the number of years available in the climate projections) to ensure that the 

present and distant future periods were of the same length (for comparison purposes). 

 

4.4 POST-PROCESSING OF ACRU OUTPUT FOR APPLICATION IN THE 

CERES FARM MODEL  

 

The hydrological outputs required as input to the economic modelling included: 

 

• monthly time series of incremental runoff (m3 x 106) generated at dam, farm and 

exchange sites. 

• monthly time series of dam evaporation “coefficients” (m3 / ha) for major storage dams 

and representative farm dams. 

 

To prepare the incremental runoff inputs for the economic modelling, the runoff outputs from 

ACRU were first accumulated from daily to monthly for each sub-catchment in the study area.  

Then, the sub-catchments contributing to each site were identified, and the runoff from those 

sub-catchments accumulated to provide the incremental runoff to each site (since incremental 

runoff was required, only runoff generated from the site immediately upstream was 

accumulated in this process).  The dam evaporation “coefficients” were defined as the depth 

of water evaporated from an open water surface, expressed in units of m3/ha.  The ACRU 

model uses the A-pan as its reference potential evaporation and is estimated from 

temperature-based equations (in this case from the equation by Hargreaves and Samani, 

1985). 
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The reference evaporation dataset as generated by ACRU for the base and future climate was 

used to calculate evaporation coefficients for both base and future climates.  The evaporation 

coefficient was calculated using the formula: 

 

Evaporation coefficient (m3/ha) = (reference evap (mm) * reservoir factor) *10 

 

Where the reservoir factors for each month of the year are presented in the Table 4.2: 

 

Table 4.2:  Monthly reservoir factor 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Reference 

factors 

 

0.73 

 

0.73 

 

0.74 

 

0.72 

 

0.70 

 

0.67 

 

0.63 

 

0.62 

 

0.63 

 

0.66 

 

0.68 

 

0.69 

 

 

4.5 ESTIMATION OF CROP WATER REQUIREMENT WITH SAPWA T 

 

SAPWAT uses the basic methodology proposed in FAO-56 (Allan et al., 1998) to calculate 

crop water requirements based on a reference evapotranspiration rate (ETo) and the crop 

coefficient (Kc).  Kc relates the water use of specific crops to ETo.  The mathematical 

representation is given as: 

 

ETcrop= Kc*ET0 

 

SAPWAT uses monthly or daily weather data as a basis for calculating daily Penman-Monteith 

reference evaporation (ET0) values for a site, as described by Allan et al. (1998).  Weather 

data in SAPWAT comes from five possible sources: CLIMWAT, manual weather stations, 

automatic weather stations, and user’s own weather station data or imported data from 

external sources.  SAPWAT included the full set of CLIMWAT data, as well as 50 years’ daily 

data for each quaternary drainage region of the country (Schulze and Maharaj, 2006), and the 

daily value for some standard and automatic weather stations. 

 

Using the already built-in weather data information, climate station, soil type and relevant 

irrigation technologies, the crop water requirement for the base period was estimated for 

different crops included in the farm model.  Figure 4.2 shows different rivers, sub-catchments, 

and quaternaries in the Ceres region.  The H10C quaternary weather station data was used 

for the estimation of crop water requirements.  This weather station is the closest to the Ceres 

dam and to the farms in the region. 
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Figure 4.2:   Ceres region map showing the rivers, sub-catchments, quaternaries, towns 

and weirs. 

Source: ACRU 

 

In order to estimate irrigation crop water requirements for the future, an artificial weather 

station called “H10C post climate” was created in SAPWAT.  Future relative (%) changes in 

mean annual rainfall, mean annual temperature, and change in the Penman Monteith 

reference potential evaporation for the "High" and "Low" GCM, based on the A2 emission 

scenario by Schulze (2012), are used.  These scenarios represent 2 of the 5 climate models 

("High" = ECHAM5/MPI-OM; "Low" = IPSL-CM4) used in the "average of models" approach 

adopted in Schulze (2012).  The future relative changes (%) are as presented in Table 4.3.  

Using the information presented in Table 4.3, the artificial weather station created was used 

to calculate crop water requirements for the future. 
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Table 4.3: Future projected change in climate parameters for H10C station 

 Change in mean annual 

rainfall 

 

Change in mean annual 

temperature 

 

Change in Penman 

Monteith reference 

potential evaporation 

Low +10% +20% +11% 

High +8% +12% +7% 

Source: Schulze (2012)  

This study deviated from the usage of the crop water use change factors (CWUC) as used by 

Louw et al. (2011).  Instead of using these factors, actual crop water requirements were 

estimated using SAPWAT for the future.  This is to improve the sensitivity of the farm model 

since CWUC is a scaling factor (based on reference potential evaporation), which is applied 

to current crop water demand estimates (estimated elsewhere) to scale them to a future 

condition. 

 

4.6 ESTIMATION OF CHILL UNIT REQUIREMENTS  

 

As mentioned in Chapter 2 of this thesis, two different chill unit models are widely used in 

South Africa.  The Utah or Richardson model (Richardson et al., 1974), measuring 

“Richardson Chill Units (RCU)”, and the Infruitec model (daily positive Utah model), measuring 

“Infruitec Chill Units (ICU)”.  Both models make use of hourly temperature data to calculate 

accumulated chill units.  Hourly temperature data is not available for the base period.  

Available for use in this study is the daily maximum and minimum temperature.  The sine 

curve mathematical formula is used to convert daily maximum and minimum temperature data 

to hourly data, meaning that it tries to simulate a sinus curve of hourly data, from daily 

maximum and minimum data values. 

 

The shape of the temperature curve responds to the daytime solar cycle, and the temperature 

wave from sunrise to sunset can be described, according to Linvill (1990), as: 

 

T(t)  = (Tmax-Tmin)*sin[
)4(

)(

+D

tπ
]+Tmin 

 

In order to define night-time cooling, starting at sunset, the Linvill (1990) mathematical 

expression can be used, which is given as:  
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T(t) = Tss - [
)24ln(

)(

D

TmnTss

−
−

]ln(t) 

 

Where  T(t)   =  temperature at time t after sunrise or at time t after sunset 

  Tmax  =  maximum temperature 

  Tmin  =  minimum temperature 

  D  =  day length (hour) 

  Tss  =  temperature at sunset 

 

The calculated T(t) is then used to estimate the accumulated chill units.  Change in mean 

annual temperature, as presented by Schulze (2012), is used to adjust the base temperature 

for the estimation of future accumulated chill units.  The base and future accumulated chill 

units are then used in the Ceres farm model.  H10C quaternary weather station data in 

SAPWAT was extracted for calculation of accumulated chill units. 

 

4.7 CERES FARM MODEL  

 

The Ceres farm model is one of the important modules in the development of CDIM.  The 

model simulates the demand for agricultural water in the Ceres (Koekedouw) region.  Farm-

level data and typical farms constructed by Louw (2007) were updated and used in this study.  

The farm model is dynamic in the sense that it takes into account not only the product markets 

for crops, but also the asset market for investment in the establishment, management, 

harvesting and re-establishment of perennial crops.  The dynamic nature of the farm model 

requires that they include beginning inventories of the perennial crops previously planted, but 

still under cultivation, at the start of the planning horizon, and a terminal condition to reflect the 

net present value of future ‘rotations’ over an indefinite time horizon.  As such, the models 

develop a long-term plan for the production of annual and perennial crops, both on dry and 

irrigated land. 

 

4.7.1 CROP PRODUCTION POSSIBILITIES  

 

The Ceres farm model contains production possibilities both for dry land crops and irrigated 

crops, as presented in Table 4.4.  Crops are further classified on a short-term (vegetables and 

annual) and long-term (perennial) basis. 
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Table 4.4: Ceres crop production possibilities 

Dry Land Crops  Irrigated Crops       

Wheat    Apples    Nectarines   

Barley    Pears    Cabbage 

Korog     Peaches   Cauliflower 

    Plums    Carrots 

    Apricots   Peas 

    Pumpkins   Squash 

    White wine   Butternuts 

    Lucerne   Lettuce 

    Long term pastures  Spinach 

    Oats    Beetroot 

    Potatoes   Sweetmellon 

    Tomatoes   Maize 

    Onions    Wheat 

    Barley    Korog   

  

 

Each crop has a crop budget associated with it that specifies crop yield per unit area, input 

requirements, input costs per unit, and crop price.  For long-term crops (perennial crops) this 

same information by growth-stage, from the establishment of the crop to re-establishment, 

once the trees and vines have reached the maximum age at which they can be replanted. 

 

4.7.2 IRRIGATION TECHNOLOGIES AND WATER USE INTENSITIES 

 

There are three irrigation technologies reflected in the model, micro, sprinkle and drip, as well 

as three irrigation intensities, optimal, supplemental, and deficit.  Monthly irrigation intensities 

(consumptive water use) used in the farm models are varied by crop, month, irrigation type, 

and growth stage for perennial crops and were calculated using SAPWAT. 

 

4.7.3 ALGEBRAIC  TERMINOLOGIES 

 

Brooke et al. (1998), McCarl and Spreen (1997) and Louw (2001) have provided a detailed 

explanation of these components.  The work of these authors can be consulted for a broader 

understanding of these components to avoid repetition here.  The structure of these 

components as used in this study is therefore presented next. 
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4.7.3.1 Set structure 

 

A set structure is formed by stating the set first and then the elements within each of the sets.  

If not in table format, the abbreviation for elements is provided in brackets.  C = set of all 

farm enterprises, elements of which are donated as c.  The set structure, elements and 

subsets are presented in Appendix A.  

 

4.7.3.2 Parameters 

 

Parameters are the exogenous data supplied to the model and consist largely of the input 

coefficients, restriction values (right-hand side values) and scalars for the model (Louw 2001).  

In the description of the parameters, the sets are not always described in the sequence that 

they appear in the parameter.  The Ceres whole-farm model has the following parameters: 

 

TYPDj   Defines the typical water users in region j 

ALANDjl  Availability of land resources l in region j 

YEARSOCi   Land occupation of crops i 

AREAUim  Monthly land requirement for land type of crop i in month m 

IRINTch   Irrigation intensity possibilities h for crop c  

OHb*   Overhead and household expenses of a typical farm in region b 

HHb*    Household expenses of a typical farm in region b 

MAXLOANblo   Maximum short-term loan lo of a typical farm in region b 

LABCOSTb   Labour costs per annum of a typical farm in region b 

DEPRECb   Depreciation costs per annum of a typical farm in region b 

LANDTAXb   Land tax value to be taxed per annum of a typical farm in region b 

INTSTlo   Real interest rate on short-term loans lo (12 % and 5% inflation) 

INTINVsa  Real Interest rate on investments savings sa (7 % and 5% inflation) 

MAXCb    Maximum own labour of a typical farm in region b 

MAXRb    Maximum labour rent capacities of a typical farm in region b 

CASCOST   Cost of casual labour per unit 

MAXOCbph   Maximum own capital available of a typical farm in region b within the 

planning horizon ph 

TYPcb    Typology definition for a typical farm in region b and crop c  
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MAXAREAstc,b  Fix aggregate level of short-term crops stc in the base year for a 

typical farm in region b 

MAXGRCTb,*  Maximum for a combination of vegetables for a typical farm in region 

b 

MAXAREALTc,b,py  Maximum area under long-term crops c in the previous years py for a 

typical farm in region b 

CRBDi,gsl,*  Budget information for crops i for the growing stage gls, Where * 

denotes casual labour (Clab), fixed labour (Flab), water (Water), yield 

(Yield) and present value of gross margins (PV) 

YIELDCONVc,p   Converts total yield of crop c to crop products p 

PRICEi,p   Price of cash crops i to crop product p per ton 

TERMVALi,gsl   Terminal values of long-term crops i for the growth stage gls 

WCi,m    Water use in period m for crop i 

WCREDi,m   Reduced Water use in period m for crop i 

IRINTSCm,h   Irrigation intensity h scaling in period m  

IRINCSCi,h   Scaling of yield due to deficit irrigation intensity h for crop i  

WDCb,q  Allocation of water for irrigation for a typical farm in region b from 

water sources q 

MIRCj,q  Monthly water release capacity in for water users j from water 

sources q 

MAXAWPj,q  Maximum annual water availability for water users j from water 

sources q 

MAXALLOCb,q   Maximum initial volumetric allocation per ha entitlement for a typical 

farm in region b from water sources q 

ALLOCTIMEq,m   Availability of water per month m from water source q 

PUMPCq    Pumping costs water sources q 

ICWb,q  Cost of water per ha for a typical farm in region b from water sources 

q 

ICWVb,q  Cost of water per volume of water for a typical farm in region b from 

water sources q 

PREFc,b  Preferences of farmers for crop c for a typical farm in region b  

MAXFARMDj,fd        Maximum annual dam capacity to be pumped from farm dam fd to 

water users j 
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DAMTOTCAPj,fd       Natural inflow to farms dam fd to water users j 

MAXFARMRELj,fd   Maximum water release capacity of farm dam fd to water users j 

DCAPS1dams      Reservoir storage capacity of the Koekedouw dam 

ROros,m, ph    Runoff to Koekedouw dam  

EVAPC1dams, m, ph Evaporation coefficients for dams  

EVINT1dams    Evaporation intercept for Koekedouw dam 

EVSLOPE1dams   Evaporation slope for Koekedouw dam 

EVAPC2b,m,ph    Evaporation coefficients for farm dams 

EVSLOPE2b  Evaporation slopes for farm dams 

EVINT2b   Evaporation intercept for farm dams 

DIVCSTb    Cost of pumping water from river to farms 

PUMPCSTb    Additional cost of pumping to farm storage 

DCAPS2b   Farm dam capacity - million m3 

RFCb    Return flow coefficients 

MXURBALLOu   Maximum urban allocation from Koekedouw 

ELASTg   Demand elasticities for water 

BASEVOLm,g   Household urban base monthly water use 

URBMINm,g   Minimum Urban demand monthly water use 

BASEPRICEm,g   Urban base price per million m3 

ECRSm   Ecological and reserve needs 

VERDISKTph   Calculates NPV of cash flow (6 %) 

MANLb,ph   Management level 

ROS2Ea,m,ph  Runoff Section 2 

RFCb                Return flow coefficients 

 

4.7.3.3 Variables 

 

The Ceres whole-farm dynamic model contains several types of variables.  They are 

described in terms of the variable contained in the objective function, agricultural production 

variables, water use variables and hydrology variables. 
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Variables included in the objective function 

 

The following variables are included in the objective function: 

 

Z    Total welfare (objective function value) 

),( mgdconst   Monthly urban demand constraint by sector 

),,( phmgurbdem  Monthly urban demand by sector 

),,( mgphdslope  Monthly urban demand slope by sector 

)(bendb   End balance after redemption of loans. 

),,( phmdamsflowby  Dam spill 

),,( phmeafdflowby  Farm dam spill 

 

4.7.3.4 Agricultural Production Variables 

 

The agricultural production variables are the building blocks for the construction of the typical 

farms in the model. 

 

crc,h,b,th Area of crop c grown with irrigation intensity h on typical farm b for 

period th 

Totareai,j,ph    Total long-term crop i area produced by water users j at a particular 

time ph    

TcropAi,h,b,th  Total crop area for Koekedouw/Ceres 

TLToppr,b,ph  Total long-term crop area for Koekedouw/Ceres in any given year 

TotvegAb,ph  Total area of all vegetables 

TFCPc,p,b,ph  Typical farm b t annual production volume of crop i 

TCPi,p,ph   Total region production volume of crop i 

CSi,p,b,ph      Sell cash crops 

TCSi,p,b,ph         Total crop sales volume for Koekedouw/Ceres 

OCb,ph            Overhead costs for typical farm b 

HCb,ph            Household costs for typical farm b 

Owncapb,ph        Own capital contribution 
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TOTFAWb,ph       Total annual water demand for typical farm b  

TFMWb,m,ph  Typical farm monthly water demand 

Investmntb,Ph  Investment surplus for typical farm t in region b for year ph 

Loanstb,lo,ph  Short term loan for farm t in region b in year ph 

Endbb             End balance after redemption of loans 

Prodcostb,ph  Total direct production costs 

Wcostb,ph  Calculates water tariff per farm 

Prodincb,ph  Total income from crop sales 

Tvaluesb          Terminal values at the end of the planning horizon 

 

4.7.3.5 Water use variables  

 

Mwatertrq,j,m,ph      Monthly transfer from schemes 

AnualWUj,ph           Annual water use 

Wbalj,q,ph            Balance of water remaining in sources after filling of farm dam 

MWwatertrq,j,ph,m    Monthly winter water extraction to fill farm dam 

Damexj,ph,m           Extraction from farm dam for irrigation 

TotWSCHq,j,ph         Total annual extraction from scheme for dam fill in winter plus direct 

use. 

 

4.7.3.6 Hydrology variables  

 

Urbdemg,m,ph             Monthly urban demand by sector 

Runoffsites,sites, m, ph     Run off transfers 

Transferssites,sites, m, ph  Releases from dams 

Urbsupsites, m, ph       Total urban supply 

Stors1dams, m, ph  Reservoir storage Koekedouw 

Flowbydams, m, ph  Dam spill 

Storstartdams            Starting and ending storage 

Fb,m,ph          Flow after diversion at each farm 

Dtofldb,m,ph     Diversion to fields on farms 

Dtostorbm ph   Diversion to farm storage 
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Fstorbm,ph     Storage on farm reservoirs 

FdflowbyEa,m,ph    Farm dam spill 

Stofldb,m,ph     Release from farm dams to fields 

Totdivb,m,ph    Total diversion to fields and farm dam 

Cuseb,m,ph       Consumptive use by crops link to farm water use 

Endph,m          Ending flow  

Storstartfb        Starting and ending storage for farm dams 

KoekTransEa,Kw,m,ph   Volume of water transferred from Koekedouw scheme to farms 

 

4.7.3.7 Objective function  

 

The objective function of the model is to maximise the net present value of the economic 

returns to water.  The model maximises an economic objective function, subject to constraints.  

As such, it simulates how water users and water managers would behave if they jointly 

maximise the net returns to water through actions under their control. 

 

The objective function is specified as: 
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Where:  

)(*
2
1

* ,,,,,,, phmgmgphphmgmg URBDEMsqrdslopeURBDEMdconst +   

represents the willingness-to-pay for water by the urban sector; 

 

bENDB  

is the end balance after redemption of loans;  

 

phmdamsFLOWBY ,, and phmeaFDFLOWBY ,,  

represents dam spill and farm dam spill, respectively. 

 

The objective function is consistent with welfare maximisation by water consumers, farmers, 

and water managers and, thus, simulates the competition for water in efficient markets.  Also, 

it is an accounting convention that measures the economic value of water.  The objective 
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function is based on the assumption that farmers will maximise their long-term farm income, 

urban water users will maximise their willingness-to-pay for water, less the costs of water, and 

water managers will operate the system in order to satisfy these objectives at minimum cost. 

 

4.7.3.8 Equations  

 

The equations are used to set constraints for the model.  The first section deals with the 

agricultural production equations, including land use and water use. 

 

Agricultural production equations 

 

The agricultural production equations are typical of those normally used in whole-farm 

planning models.  This section discusses these equations briefly. 

 

Constraint 1 : Restricts demand for land to available demand: 

bl
thhi

thbhi Alandcr ≤∑
,,

,,,  

 

Constraint 2: Calculates the total crop area for long-term crops in any given year: 

phbr
thh

thbhr Totareacr ,,
,

,,, =∑  

 

Constraint 3: Calculates total crop area for Ceres in any year: 

thbhithbhi TcropACr ,,,,,, =  

 

Constraint 4:  Calculates total long-term crop area for Ceres in any given year: 

phbrphbr TLToppTotaarea ,,,, =  

 

Constraint 5: Sums total area under all vegetables production:  

phb
hv

phbhv TotvegAcr ,
,

,,, =∑  

 

Constraint 6: Calculates the total production of crops products in any given year: 

piphbhiyieldgsli
glsthh

bthhiphbpi YieldconvManLIRINCSCCRBDcrTFCP ,,,"",,
,,

,,,,, ****∑=  

 

Constraint 7: Balance total production with total crop sales: 

phbpiphbpi TFCPCS ,,,,,, =  
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Constraint 8: Sums total crop sales from Ceres for all farms: 

phbpiphbpi TCSCS ,,,,,, =  

 

Water use and balancing equations 

 

The constraint equations in this group are designed to first calculate the water demand for 

each user and then to equate the demand with supply through the water entitlement and other 

water sources. 

 

Constraint 9:  denotes the water requirement of irrigation crops per typical farm in each of the 

irrigation regions and which cannot exceed the total availability of water for irrigation: 

 

0)/tan(* ,,
,,

,,, =−∑ phbhk
thhk

thbhk Totfawscalefactcrwrtocr  

 

Constraint 10 : Typical farm monthly water demand: 

 

phmbhkhmmk
thhk

thbhk TFMWscalefactIRINTIRINTSCWCcr ,,,,,
,,

,,, )/)10***(* =∑  

 

Constraint 11 :  Equalise monthly with total irrigation use: 

 

∑=
m

phmbphb TFMWTOTFAW ,,,  

 

Constraint 12: Maximum water right allocation to water users (Maxiallob,ph): 

 

scalefactMaxawpMIRCTOTFAW qb
q

qbphb /)*( ,,, ∑≤  

 

Farm reservoir balances  

 

Constraint 12: Starting reservoir balances: 

 

EafirstyrfirstmoEa STORSTARFTFSTOR =,,  

 

Constraint 13: Intermediate reservoir balances: 
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EaphmEaEaphm

phmEaphmEaphmEaphmEaphmEa

EVINTFSTOREVSLOPEEVAPC

FDFLOWBYSTOFLDDTOSTORFSTORFSTOR

2*2*2 ,,,

,,,,,,,,,1,

+−

−−+=+

 

 

Constraint 14: Transition reservoir balances at the end of each year: 

 

EaphlastmoEaEaphlastmo

phlastmoEaphlastmoEaphlastmoEaphlastmoEaphfirstmoEa

EVINTFSTOREVSLOPEEVAPC

FDFLOWBYSTOFLDDTOSTORFSTORFSTOR

2*2*2 ,,,

,,,,,,,,1,,

+−

−−+=+

 

 

Constraint 15: Ending reservoir balances: 

 

EalastyrlastmoEaEalasyrlastmoEalastyrlastmoEa

lastyrlastmoEalastyrlastmoEalastyrlastmoEaEa

EVINTFSTOREVSLOPEEVAPCFDFLOWBY

STOFLDDTOSTORFSTORSTORSTARTF

2*2*2 ,,,,,,

,,,,,,

+−−

−+=

 

 

Constraint 15: Capacity constraint on farm reservoirs: 

 

EaphmEa DCAPSFSTOR 2,, ≤  

 

4.8 INTERTEMPORAL SPATIAL EQUILIBRIUM MODULE  

 

The series of equations used in this module are based on the work of Callaway et al. (2005).  

Callaway et al. (2005) can be consulted for full information about the series of equations, and 

only relevant equations needed for the Ceres dynamic equilibrium model are presented here.  

This module is a matrix of linear equations and constraints in the mathematical programming 

model that characterises the water balances in the basin reservoirs – both storage and farm 

dams – and the spatially distributed physical linkages between runoff, water storage, and 

points of water use. 

 

Constraint 16: Runoff Allocation Equations 

 

These equations allocate the monthly runoff at each runoff gauge, the runoff from a single 

tributary can be diverted through a man-made conveyance structure or it can be allowed to 

continue downstream.  The structure of the equations in this block follows the form: 

 

 

 

 

phmros
sitesrosA

phmsitesros RORUNOFF ,,
).(1

,,, =∑
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where phmsitesrosRUNOFF ,,,  is a variable designating the allocated runoff at a specific site in 

month m and year ph from the runoff gauge ros;  

 

ROros,m,ph is the monthly-annual runoff at gauge ros, as calculated in ACRU;  

 

and A1(ros, sites) is a convention (used throughout this thesis) to express a subset of ros and 

sites that links runoff from specific gauges in the set ros to the major storage reservoirs, the 

Koekedouw site and Ceres urban demand in the set sites. 

 

Constraint 17: Dynamic Storage Balances 

 

These equations conserve the mass balance of water, over time, at the reservoir in the basin.  

For each reservoir there is: 1) an initial balance that specifies the level of starting storage in 

the first month of the first year, 2) intermediate balances that apply to the months January 

through to November of a given year; 3) end-of-year transitional balances that link water 

storage in December of one year to January in the next year; and 4) a terminal period 

balance. 

 

Initial Balances 

 

damsfirstyrfirstmodams STORSTARTSSTORS 11 ,, =     for all dams,  

 

where firstyrfirstmodamsSTORS ,,1  is a variable for the starting storage for each dam in the first 

month of the first year of the planning horizon and STORSTARTS1dams is a variable that 

represents the starting and ending storage in each dam.  The starting and ending storage is 

calculated endogenously, although the initial storage can also be set exogenously as a 

parameter to examine reservoir filling strategies, if that is necessary. 

 

Intermediate Balances 

 

∑∑ −+−+

∗−=+

).(2
,,,

).(1
,,,,,

),,()(),,(,,,1,

1

1*1111

sitesdamsA
phmsitesdams

damsrosA
phmdamsrosphmdamsdams

phmdamsdamsphmdamsphmdamsphmdams

TRANSFERSRUNOFFFLOWBYEVINT

STORSEVSLOPEEVAPCSTORSSTORS

 

for all dams, for month m+1 and all ph, 

 

where phlastmodamsEVAPC ,,1 is the monthly annual evaporation coefficient from ACRU for each 

storage reservoir;  
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EVSLOPEdams and EVINTdams are parameters for the evaporation slopes and intercepts of the 

area-volume curves for each storage reservoir;  

 

TRANSFERSdams,sites,m,ph is a variable that represents the possible transfers/releases from 

each reservoir to other dams and sites in the basin. 

 

End of year transition balances 

 

∑

∑

−

+−+

∗−=+

).(2
,,,

).(1
,,,,,),,(

),,(),,(1,,

11*

1111

sitesdamsA
phlastmositesdams

damsrosA
phlastmodamsrosphlastmodamsdamsphlastmodams

damsphlastmodamsphlastmodamsphfirstmodams

TRANSFERS

RUNOFFFLOWBYEVINTSTORS

EVSLOPEEVAPCSTORSSTORS

  

for all dams, for month m+1 and all ph, 

 

 

Ending storage balance / Terminal balances 

 

∑

∑

−

+−+

∗−=

).(2
,,,

).(1
,,,,,,,

,,,,

11*

1)111

sitesdamsA
lastyearlastmositesdams

damsrosA
lastyearlastmodamsroslastyrlastmodamsdamslastyearlastmodams

damslastyearlastmodamslastyearlastmodamsdams

TRANSFERS

RUNOFFFLOWBYEVINTSTORS

EVSLOPEEVAPCSTORSSTORSTARTS

 

for all dams in the last month of the last year. 

 

Capacity Constraints 

 

If the Koekedouw dam storage capacity is fixed, each reservoir in the upper basin has the 

following storage capacity constraints: 

 

damsphmdams DCAPSSTORS 11 ,, ≤   for all dams, m and ph   

 

If the Koekedouw Dam storage capacity is determined endogenously in the model, the 

capacity equations become: 
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damsphmdams DCAPSSTORS 11 ,, ≤         

for all m and ph 

 

KOEKCAP1 ,,Koekdam ≤phmSTORS  for all m and ph,     

where DCAPS1dams is a parameter denoting the storage capacity of the reservoirs and 

KOEKCAP is a variable representing the endogenously determined capacity of the 

Koekedouw Dam. 

  

Capacity Constraints on Transfers 

 

There are a number of capacity constraints in the model to restrict releases from dams and to 

restrict the capacity of transfers in man-made conveyance structures between dams. 

 

Constraint on transfer from Koekdam to Urb1 

 

1,1, TCAPTRANSFERS phmURBkoehdam ≤  

 

Constraints for agricultural summer diversions from  Koekdam 

 

4
)(

,,, TCAPTRANSFERS
MSWM

phMAgricKoekdam =∑
 

Urban Linkage Equation 

 

There are substantial losses in the delivery of water from urban waterworks to urban users.  

Accordingly, it was necessary to add an equation to characterise the impact of these features 

on the urban supply balance.  At the same time, it was necessary to link the water demands in 

the urban module to the water supply in the dynamic spatial equilibrium model, a linkage that 

occurs through this equation.  The urban linkage equations are: 

 

∑ ∑=∗−
)(5

,,,,)1(
sitesA g

phmgphmsites URBDEMURBSUPLF  

for all m and ph, 

 

where LF is a fractional urban water loss parameter; and URBDEMg,m,ph is the demand for 

water by urban water sector g in month m and year ph. 
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Dynamic storage balances for on Farm reservoirs  

 

Initial Balances / Starting reservoir balances   

 

EafirstyrfirstmoEa STORSTARFTFSTOR =,,  

 

where firstyrfirstmoEaFSTOR ,,  is a variable representing the storage in farm dam Ea in January 

(first month) in the first year of the planning horizon and STORSTARTFEa is a variable 

denoting the initial and terminal storage in each of the farm dams. 

 

Intermediate reservoir balances 

 

EaphmEaEaphmEa

phmEaphmEaphmEaphmEaphmEa

EVINTFSTOREVSLOPEEVAPC

FDFLOWBYSTOFLDDTOSTORFSTORFSTOR

2*2*2 ,,,,

,,,,,,,,,1,

+−

−−+=+

 

 

for all Ea, m+1 and ph, where EVAPC2Ea,m,ph are the farm reservoir evaporation coefficients 

from ACRU and EVSLOP2Ea,m,ph and EVINT2Ea respectively, are the slopes and intercepts of 

the volume-area equations for each farm dam. 

 

End of the year transition balances  

 

EaphlastmoEaEaphlastmoEaphlastmoEa

phlastmoEaphlastmoEaphlastmoEaphfirstmoEa

EVINTFSTOREVSLOPEEVAPCFDFLOWBY

STOFLDDTOSTORFSTORFSTOR

2*2*2 ,,,,,,

,,,,,,1,,

+−−

−+=+

 

for all farms, for the first month of each ph+1. 

 

Ending reservoir balances 

 

Ea

lastyrlastmoEaEalasyrlastmoEalastyrlastmoEa

lastyrlastmoEalastyrlastmoEalastyrlastmoEaEa

EVINT

FSTOREVSLOPEEVAPCFDFLOWBY

STOFLDDTOSTORFSTORSTORSTARTF

2

*2*2 ,,,,,,

,,,,,,

+

−−

−+=

 

For all dams in the last month of the last year. 

 

Capacity constraint on farm reservoirs 

 

The monthly–annual storage in the farm dams cannot exceed their capacity.  Therefore, farm 

storage is constrained in each period, using the following equations: 
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EaphmEa DCAPSFSTOR 2,, ≤  for all Ea, m and ph 

 

Spatial Balances 

 

This refers to the spatial balances between farms and the Koekedouw dam. 

 

Initial flow balance on Koekedouw below dam 

 

phmfirstfarmphmfirstfarmphmfirstfarmphmfirstfarm ROSDTOSTORDTOFLDF ,,,,,,,, 2≤++  

 

Intermediate balances linking farms 

 

0

2*

,,1,,1

,,1,,1,,,,,,

=++

+−−+−

++

++

phmEaphmEa

phmEaphmEaphmEaphmEaphmEaEa

FDTOSTOR

DTOFLDROSFSTOFLDDTOFLDRFC

 

 

Last flow balance below dam 

 

0* ,,,,,,, =−+− phmlastfarmphmlastfarmphmlastfarmlastfarmmph FSTOFLDDTOFLDRFCEND  

 

Consumptive Use Balances 

 

The farm models need a consumptive use supply variable to balance the crop water demands 

on irrigated areas in each farm region.  The consumptive use balances links the two modules 

through a consumptive use variable for each regional farm.  The consumptive use balances 

are: 

 

)()1( ,,,,,, phmEaphmEaEaphmEa STOFLDDTOFLDRFCCUSE +∗−=     

for all Ea, m and ph 

 

where phmEaCUSE ,,  is the amount of water used consumptively by crops on farm Ea in month 

m and year ph. 

 

In stream Flow Constraints 

 

In accordance with public policy, the in-stream flows in the lower portion of the Koekedouw 

must be maintained above critical levels to protect aquatic ecosystems. 
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These constraints are included in the model as: 

mphmEa ECRSF ≥,,    for all Ea, m and ph    

where ECRSm is the monthly in-stream flow requirement for month m. 

 

4.9 THE URBAN DEMAND MODULE  

 

The urban demand water sector is based on two previous studies of the Berg River by 

Callaway et al. (2008, 2009) and Louw et al. (2011).  Detailed information concerning the 

methods of estimation can be found in these studies.  These demand functions play an 

important role in determining the net economic returns to water for two reasons.  First, 

monthly water consumption and the shadow prices of urban water consumption (the price paid 

by water customers + the scarcity price) are calculated endogenously in the intertemporal 

spatial equilibrium model.  Second, the integral of these demand functions appear in the 

objective function of the model and are the basis for calculating consumers’ willingness to pay 

for water and consumer surplus (Louw et al., 2011). 

 

The demand function parameters were fit using the following equations: 

 

gmg
ph

mg
mgph ELASTBASEVOLPOPGROBVFAC

BASEPRICEpricefac
DSLOPE

∗∗+∗
=

,

,
,, )1(

*
 for all ph, g and 

m. 

g

g
mgmg ELAST

ELAST
BASEPRICEpricefacDSHIFTDCONST

)1(
*)*(* ,,

−
=  for all g and m. 

mgph

mg
phmg DSLOPE

DCONST
MAXXDEM

,,

,
,,

−
= for all g, m and ph. 

where DCONSTg,m is a calculated parameter that stands for the water demand function 

constant in urban sector g in month m;  

 

DSLOPEg,m,ph is a calculated parameter for the slope of the water demand function in sector g, 

in month m and year ph;  

 

ELASTg is the price elasticity of urban water demand in urban sector g from Louw (2001 and 

2002);  

 

and BASEPRICEg,m and BASEVOLg,m are the estimates of base water consumption and 

prices. 
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The expression ph
phmg POPGROBVFAC )1(,, +∗ , in the denominator of the DSLOPE  

equation, is used to shift the urban demand functions to the right to simulate exogenous 

population growth over time. 

 

4.10 INTEGRATED MODEL OUTPUT  

 

The output of the model is as depicted in Figure 4.1, although it is not limited to the ones listed 

therein.  The important outputs for the purpose of this thesis include: 

• annual crop mixes by farm and region; 

• monthly water diversions and consumptive use by urban sector, farm regions and 

irrigated crops in each region; 

• monthly reservoir storage, releases and transfers, and reservoir evaporation for main 

storage and farm reservoirs; and 

• water prices, in urban and agricultural uses. 

 

4.11 CONCLUSION 

 

The purpose of this Chapter 4 was to describe the design of the Ceres Dynamic Integrated 

Model that was used to simulate the potential impact of climate change in the Ceres region of 

Western Cape.  It is referred to as integrated framework because it linked different important 

modules together in a single unit.  Although the existing model can be used to simulate 

different adaptation strategies to climate change, they are not sensitive to climate variables.  

Accordingly, there is need for further development of the model  Two additional modules 

(irrigation crop water requirement and chill unit accumulation module) were added to the 

existing framework to improve the sensitivity of the farm model.  This is important because of 

the types of crops that are produced in the study area.  The area is known for deciduous fruit 

production and these crops are sensitive to accumulated chill units. 

 

This study deviated from the usage of crop water use change factors (CWUC), as used by 

Louw et al. (2011) to capture climate change impacts.  Instead of using these factors, actual 

crop water requirements were estimated using SAPWAT for the future requirements.  This is 

also believed to be able to improve the sensitivity of the farm model to climate variables.  By 

extending the existing model, a more informed decision can now be made regarding the 

different adaptation strategies available to farmers and policy makers. 
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CHAPTER 5 
RESULTS 

 

5.1 INTRODUCTION 

 

The results of the respective analyses are presented and discussed in Chapter 5.  The first 

part of this chapter reports the results of the crop water requirements estimated for the base 

period and the future climate, taking into consideration the climate change projection for the 

future.  In the second part of this chapter, the results of the two chill unit accumulation models 

are presented and discussed.  The base model results from the integrated model of the Ceres 

region are presented in the third part, and this is followed by the results of the various 

adaptation options tested in the future model to help farmers to adapt to the impacts of 

projected climate change on their farm businesses. 

 

5.2 IMPACT OF CLIMATE CHANGE ON CROP WATER REQUIREM ENT 

 

SAPWAT3 (van Heerden et al., 2008) was used to estimate crop water requirements for the 

base climate (1971-1990) and for the future climate (2046-2065).  An artificial weather station 

was built into SAPWAT to calculate crop water requirements for the future because SAPWAT 

does not have information about the future climate.  It is hypothesised that with climate 

change, crop water requirements are going to increase.  Two different types of irrigation 

technologies, namely drip and sprinkler irrigation systems, were considered and analysed.  

These two irrigation systems are the most common type used by farmers in the Ceres region.  

Table 5.1 presents the results of the crop water requirements from SAPWAT.  The crops 

presented here represent the crops included in the Farm model discussed in Chapter 4 of this 

thesis. 
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Table 5.5:   Estimated Crop water requirement (m3/ha) for the base and future climate 
    

Crop Option  
Sprinkler    Drip 

    Base Future 

+% 

Change   Base Future 

+%  

Change 

Fruits                 

Apples                        Bud break: Mid spring                             2980 3510 18 2110 2510 19 

Apricot                       Bud break: Early spring                           2830 3400 20 1950 2320 19 

Pears                         Bud break: Late winter                            3980 4690 18 2790 3320 19 

Nectarine                     Bud break: Mid spring                             3480 4090 18 2350 2780 18 

Peaches                       Bud break: Mid spring                             4130 4880 18 2900 3390 17 

Grapes                        Bud break: Mid spring                      2870 3410 19 2170 2550 18 

Plums                      Bud break: Early spring                           3390 3950 17 2180 2580 18 

Vegetables 

Potatoes                      Medium variety                                    4130 4650 13 2740 3080 12 

Tomatoes                      Table                                             4220 4860 15 2770 3190 15 

Onion                         Medium long day 7780 8680 12 2390 2770 16 

Cabbage                       Early varieties                                   3600 4020 12 2240 2530 13 

Cauliflower                   Early varieties                                   4300 4720 10 2840 3220 13 

Carrots                       Standard                                          3920 4390 12 2180 2490 14 

Peas                          Standard                                          4460 5050 13 2650 3050 15 

Pumpkin                       Standard                                          3460 3930 14 2260 2610 15 

Squash                        Baby                                              2980 3830 29 1990 2660 34 

Butternut  Standard                                          4310 4570 6 2820 3070 9 

Lettuce                       Standard                                          3560 4450 25 1830 2510 37 

Spinach                       Standard                                          4520 5130 13 2570 2920 14 

Beetroot                      Standard                                          2790 3190 14 1970 2240 14 

Melon                         Early varieties                                   3740 4210 13 2580 2960 15 

Pastures 

Pastures    Kikuyu                                            2260 2670 18 1750 2070 18 

Lucerne                       Standard                                          3290 3870 18 2480 2890 17 

Cereals 

Korog        Winter cereals                                    3410 3950 16 1660 2040 23 

Oats                          Spring types                                      2790 3240 16 1400 1720 23 

Maize                         Short growers                                     3270 3850 18 2260 2670 18 

  Barley                        Spring types                                      2790 3240 16 1400 1720 23 

 

Water requirements will increase substantially for both types of irrigation technology.  Table 

5.1 shows that the crop water requirements for fruit crops range between 2 830 and 4 130 

m3/ha for sprinkler irrigation in the base climate while that for the future climate ranges 

between 3 400 and 4 880 m3/ha.  In the case of drip irrigation, the values are smaller with the 

base climate crop water requirement ranging between 1 950 and 2 900 m3/ha, while that for 

future climate ranges between 2 320 and 3 390 m3/ha.  Of all the fruit crops considered, 

peaches use the most water under the two irrigation technologies, both in the present and 

future climates. The crop water requirements for vegetable crops range between 2 790 and 

7 780 m3/ha using sprinkler irrigation technology in the base climate, while that of the future 
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climate ranges between 3 190 and 8 680 m3/ha.  The requirement is slightly different in the 

case of drip system technology, with the base climate ranging between 1 830 and 2 840 m3/ha, 

while that for future climate ranges between 2 510 and 3 220 m3/ha.  Of all the vegetables, 

onions are found to use more water, both in the base and future climate for the two irrigation 

technologies, although there is a substantial variation in the water usage in the sprinkler 

irrigation compared to drip irrigation system.  Despite the high crop water requirement of 

onions, the Ceres region is known for onion production, with the Western Cape being the 

leading province in terms of onion production in South Africa.  The Ceres region is also 

relevant in terms of the export of onions to the rest of the world. 

 

The crop water requirements for cereals range between 2 790 and 3 410 m3/ha in the base 

climate, and between 3 240 and 3 950 m3/ha in the future climate for sprinkler irrigation 

technology, while that for drip technology ranges between 1 400 and 2 260 m3/ha for the base 

climate and 1 720 and 2 670 m3/ha for the future climate.  Korog use more water under 

sprinkler technology (base and future) when all crops under the system are considered, while 

maize uses more water under the drip irrigation system, both in the base and future climates.  

In general, Table 5.1 shows that water use for drip irrigation are less than that of sprinkler 

irrigation because of efficiency differences in the irrigation systems.  With the drip irrigation 

system less water is applied, with the figures presented in Table 5.1 confirming this.  

 

It is important to state that crop water requirement (water use) is dependent on the cultivar of 

each crop chosen, as cultivar differences also play a major role.  Table 5.1 shows that crop 

water requirements will increase as a result of projected climate change using the A2 climate 

change scenario.  The change can be attributed to increase in temperature projected for the 

future. The crop with the highest deviation from the base climate in both irrigation systems is 

squash (29 and 34 %) while butternut (6 and 9 %) recorded the lowest deviation from the base 

climate for both sprinkler and drip irrigation technologies.  Based on the findings presented in 

Table 5.1, an important adaptation strategy may be for farmers to make use of a more efficient 

irrigation system to mitigate the impact of increased water scarcity caused by climate change.  

Table 5.1 shows that future crop water requirements for drip irrigation systems are still lower 

than the current water requirements under sprinkler systems. Accordingly, despite a 

substantial increase in water requirements under drip irrigation, the total water requirement 

will be less under a drip system, compared to a sprinkler system.  

 

With climate change resulting in an increase in crop water requirements in the future, coupled 

with limited available irrigation water and competition between agricultural, urban and 

industrial water usage, farmers should look into a more efficient way of using water.  When 

addressing adaptation measures to be implemented to increase water use efficiency, a holistic 

approach that incorporates water productivity by crop, the use of water in the root zone for 
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transpiration and conversion into marketable product, as well as the efficiency of delivery of 

water from source to soil, should be considered.  

 

The estimated crop water requirements for the base and future climates that were presented 

and discussed above will be used as input data in the Ceres Whole Farm Model to investigate 

how farmers should adjust their crop selection/combination as an adaptation to climate 

change, as is discussed in section 5.5.  Further adaptation strategies will then be simulated for 

sustainability of the farm structure in the future.  In the next section, the results from the 

application of chill unit models to determine the impact of climate change on chill unit 

accumulation is presented and discussed.  

 

5.3 IMPACT OF CLIMATE CHANGE ON CHILL UNIT ACCUMULA TION 

 

The Utah model of Richardson et al. (1974) and the Daily positive Utah (Infruitec) chill unit 

accumulation model of Linsley-Noakes et al.(1994) are used in this section to test the 

hypothesis that winter chill will reduce with climate change.  The Richardson and Infuitec 

models accumulate the same way, with the exception that the Infruitec model there is no loss 

of chill units when the temperature exceeds 16ºC.  The climate variable of interest here is 

temperature.  It is hypothesised that, as temperatures increase in the future owing to climate 

change, the accumulated chill units will reduce.  The accumulated chill units reported in this 

section are calculated for the winter months (1st of May till 31st of August).  

 

Figure 5.1 presents the accumulated chill units in Richardson units (RCU) from the 

Richardson model for the present (1971 – 1990) and future time (2046 – 2065).  The mean 

accumulated chill for the present climate is 1 291 RCU while that of future climate is 826 RCU.  

Figure 5.1 indicates that with increase in temperature, the accumulated chill units will reduce 

in the future. 
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Figure 5.3:   Comparison between the accumulated chill in the present and future climate 

using the Richardson Chill Unit Model 

 

Figure 5.2 presents the accumulated chill units in Infruitec units (ICU) from the Infruitec model 

for the present (1971 – 1990) and future time (2046 – 2065).  The mean accumulated chill for 

the present climate is 1 319 ICU while that of future climate is 906 ICU.  Similar to Figure 5.1, 

Figure 5.2 show that climate change has resulted in the reduction in accumulated chill on a 

year on year basis. 

 

 

Figure 5.4:   Comparison between the accumulated chill in the present and future climate 

using the Infruitec Chill Unit Model 
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Figure 5.3 compares the two models in terms of deviation from the base.  The average 

deviation from the base for the Richardson model over the 20 year period is 36 %, while that 

of Infruitec is 32 %.  These deviations from the mean were found to be statistically significant 

at 95 % confidence interval (α = 0.05).  As can be seen from Figure 5.3, the impact of climate 

change (projected temperature increase) on chill unit accumulation is more pronounced using 

the Richardson model, compared to Infruitec model.  The major difference between the two 

models, according to expert opinion, is in the interpretation of the models.  The Richardson 

model gives the “quality” of the cold units while the Infruitec model is more about the “quantity” 

of the cold units (Peter de Vries, Hortec – Personal interview). 

 

 

Figure 5.5:   Comparison between Richardson and Infruitec chill unit accumulation models 

Source: Own computation 

 

The results presented show that it might be difficult to produce some fruit crops in the future in 

the Ceres region owing to the insufficient chill that would be accumulated in the future.  

Considering the long life span of deciduous fruit trees compared with annual crops and the 

substantial investments required for the establishment, tree crop growers will be more 

vulnerable to the long term effects of climate change than growers of annual crops.  This will 

likely require a growers’ transition to different species or cultivars or the development of 

management practices (planting density, pruning practices and irrigation regime) that can help 

overcome shortages in winter chill.  Climate change is also likely to severely challenge current 

production systems, some of which already rely on cultural measures such as rest-breaking 

chemicals and artificial defoliation.  More research and development is required on cost-

effective and safe rest-breaking products and programmes which are more suited to warmer 

conditions.  The estimated chill units for the base and future climates will be used in the study 

for planning purpose in the Ceres whole-farm model discussed in Chapter 4.  Since most of 

the crops are already established in the present climate, the projected future values can guide 

farmers in the selection of cultivars in the future when re-establishment of their orchard is to 
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be done.  Otherwise, farmers will rely on the use of artificial rest breaking chemicals in cases 

of low accumulation.  This will increase the production costs and hence have an impact on the 

profitability of such enterprise.  In the next section, base results from the integrated model are 

discussed. 

 

5.4 COMPARISON OF BASE CLIMATE CHANGE SCENARIOS FRO M THE 

INTEGRATED MODEL 

 

The previous chapter gave a description of the methodologies which were used to construct 

the integrated modelling framework.  In this section the results of the scenarios are discussed.  

The objective of the modelling exercise was to demonstrate that it is possible to develop an 

integrated modelling framework for evaluating and making adaptation decisions related to 

agriculture and water resources in the Ceres area of Western Cape.  This will enable one to 

predict what the farm structure will look like in the future and to be able to advise the farmers 

concerned.  The integrated framework developed in this study has outputs that relate to both 

the agricultural and the urban sectors.  For the sake of clarity, the focus of the discussion in 

this study will be on the agricultural sector.  Sections that follow discuss the impact of climate 

change on area (irrigation intensities and crop combinations); water use (agricultural water 

demand and crop water use); and welfare (Net Disposable Farm Income (NDFI) and Total 

welfare).  

 

5.4.1 IMPACT OF CLIMATE CHANGE ON AREA - BASE COMPA RISON 

 

Table 5.2 presents the average area under different irrigation intensities for the base 

scenarios.  The average was calculated over a 20 year the planning horizon.  Table 5.2 shows 

that there is no difference between UCT low and UCT high scenarios.  For each of the low 

base climate scenarios, 591 ha of land are under optimal irrigation, while 57 ha and 16 ha are 

under deficit irrigation and dry land cultivation, respectively.  This situation, however, changed 

in the base future scenarios with substitution taking place between optimal and deficit 

irrigation.  About 23 ha of land were substituted from optimal irrigation with deficit irrigation, 

while area under dry land was halved in the future scenario.  This is according to expectation 

because less water is expected to be available in the future based on the climate change 

projection and to account for this more land will have to be put under deficit irrigation. 
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Table 5.6:   Area under different irrigation intensities (Ha) – Base Comparison 

Technology 
UCT Base  

Low 
UCT Base  

Future Low 
UCT Base  

High 
UCT Base  

Future High 

Optimal 591 568 591 568 

Supplemental 0 0 0 0 

Deficit 57 103 57 103 

Dry land 16 8 16 8 

Total (ha) 664 679 664 679 
 

Table 5.3 shows the change in crop combinations for the base scenarios.  Again, average 

area over the planning horizon is presented here.  The general trend in both the high and low 

scenario is the substitution of high valued crops (fruits) with vegetables and annual crops in 

the future scenarios.  For instance, Table 5.3 shows a reduction in the average area 

cultivated for apples, nectarines, peaches, wine grapes, and an increase in the cultivated area 

for onions, cabbage, cauliflower, beetroot, etc.  This substitution might be the result of the 

increase in the cost of production (reduced profitability) of the high valued crop in the future.  

The increase in cost might be as a result of the increase in crop water requirement, as well as 

the reduction in chill accumulation.  However, good management practices and rest breaking 

chemicals are available to help crops meet the chill requirement, albeit at a cost.  Increases in 

temperature will indeed have impact on deciduous fruit production in the future. 
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Table 5.7:   The total average area under cultivation (Ha) 
 

Crops  
UCT Base  

Low 
UCT Base Future  

Low 
UCT Base  

High 
UCT Base Future  

 High 

Fruits 
    Apples 9.7 4.9 9.7 4.9 

Apricots 3.0 1.5 3.0 1.5 

Pears 219.5 235.0 219.5 235.0 

Nectarine 22.3 12.6 22.3 12.6 

Peaches 117.0 58.5 117.0 58.5 

Wwine 5.9 2.9 5.9 2.9 

Plums 30.5 15.3 30.5 15.3 

Total 407.9 330.7 407.9 330.7 

Vegetables 

Potatoes 0.2 0.3 0.2 0.3 

Tomatoes 0.2 0.4 0.2 0.4 

Onions 96.8 142.4 96.8 142.4 

Cabbage 51.1 74.1 51.1 74.1 

Cauliflower 37.8 58.2 37.8 58.2 

Carrots 0.1 0.1 0.1 0.1 

Peas 0.4 0.6 0.4 0.6 

Pumpkin 0.2 0.2 0.2 0.2 

Squash 0.1 0.1 0.1 0.1 

Butternuts 1.2 1.8 1.2 1.8 

Lettuce 0.0 0.0 0.0 0.0 

Spinach 0.1 0.0 0.1 0.0 

Beetroot 47.7 60.1 47.7 60.1 

Sweet melon 0.0 0.0 0.0 0.0 

Total 49.3 62.2 49.3 62.2 

Pastures 

LTPast 0.0 0.0 0.0 0.0 

Lucerne 8.8 2.4 8.9 2.4 

Total 8.8 2.4 8.9 2.4 

Cereals  

Korog 0.0 0.0 0.0 0.0 

Oats 0.4 0.5 0.4 0.5 

Wheat 4.6 2.4 4.6 2.4 

Maize 1.5 2.0 1.4 2.0 

Barley 5.2 2.7 5.2 2.7 

Total 11.7 7.6 11.6 7.6 
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5.4.2 IMPACT OF CLIMATE CHANGE ON WATER USE - BASE COMPARISON 

 

The total average agricultural water use responds to the availability of water over the 20-year 

planning horizon.  Figure 5.4 shows the total average agricultural water use per annum.  If 

there is more water available, agriculture will respond by using more water through optimal 

irrigation intensities (and be more profitable), which will result in an overall increase in the 

demand for water.  In the UCT Base High future scenario and UCT Base Low future, there is 

an increase in the average annual water use of almost 0.2 million m3 in Ceres. 

 

 

Figure 5.6:   Total average agricultural water use per annum  

 

The average annual water use per hectare is shown in Figure 5.5.  The trend is almost 

identical to the total annual water use for agriculture shown in Figure 5.4.  With climate 

change (increase in temperature) projected in the future, more water is expected to be used 

by crops because of the increased evaporation and evapo-transpiration that can accompany 

increases in temperature.  On average, about 259 m3 more water per hectare will be used in 

the future for both the high and the low climate base scenarios. 
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Figure 5.7:   Average annual crop water use per ha 

 

Figures 5.4 and 5.5 give an indication that more water will be required by the agricultural 

sector in the future with climate change and that necessary action/plans need to be put in 

place in order to adapt agriculture to this expected change to ensure sustainability of the 

sector in the Ceres region.  Given the impact of climate change on irrigation practices and 

water requirements, the focus of attention next shifts to the consequent impact on the welfare 

of the farmers. 

 

5.4.3 IMPACT OF CLIMATE CHANGE ON WELFARE – BASE CO MPARISON 

 

Figure 5.6 presents the average Net Disposable Farm Income (NDFI) for agricultural 

production for a period of 20 years.  Figure 5.6 shows that NDFI increased considerably by a 

margin of R100 Million in the future scenario.  This might be attributed to substitution that 

takes place in terms of crop combination in the future scenario. 

 

 

Figure 5.8:   Net Disposable Farm Income – total over 20-years 
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Figure 5.7 shows the total welfare (or objective function value) for all sectors using the NPV of 

returns.  The total welfare follows the same pattern as the NDFI.  In general, the results show 

that the welfare of farmers improved in the future.  Figure 5.7 shows that total welfare 

(objective function value) for the base period is R1 305 million while that for the future period is 

R1 336 million for both the low and high GCM base and future scenarios.  The increase in 

welfare can also be attributed to the rational behaviour of farmers in substituting crops which 

incur higher costs of production with those of lower costs of production and hence will be more 

profitable.  

 

 

Figure 5.9:   Total welfare – objective function value 

 

5.5.4 DISCUSSION– BASE ANALYSIS 

 

The findings which were described in this section show that the integrated modelling 

framework that was developed in Chapter 4 can be used to simulate various climate change 

scenarios, and that the results correspond with what can be expected from the farming 

systems.  The impact of climate change has resulted in changes in area, water use and 

welfare of the farmers in the future climate.  This is expected because farmers, like any other 

economic agent, seek to maximise profit and improve their welfare.  With climate change, less 

area of land will be under optimal irrigation and high-value fruit crops will be substituted by 

other crops.  This is because the fruit crops require optimal irrigation for good production and 

less water will be available in the future.  The future sustainability of the agricultural sector in 

the Ceres region of Western Cape relies greatly on the type of adaptation strategy to be put in 

place by and for the farmers to cope with the projected impact of climate change.  It is also 

observed that there is no noticeable difference between UCT high and low data.  There seems 

to be some level of consistency in the data generated for the A2 high and low GCM data.  

Ultimately, the findings show that a substantial change can be expected in the profile of the 
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farming community in Ceres.  The typical crops that are currently cultivated will have to be 

replaced by other crops that are less susceptible to the decrease in water availability and 

accumulated chill units.  On a positive note, however, the changes seem to lead to an 

increase in welfare.  In the next section, adaptation strategies that can further improve the 

welfare of the farmers are analysed and reported.  

 

5.5 CLIMATE CHANGE ADAPTATION SCENARIO 

 

In the next sections, the results of three different sets of adaptation strategies, which were 

evaluated using the integrated model developed in chapter 4 to evaluate how adaptation can 

improve the area, water use and welfare of the farmers in the future, are presented and 

discussed.  These three adaptation strategies include the availability of farm dam and water 

rights, improving water use efficiency, and increases in water tariffs.  Emerging farmers in the 

Ceres region do not have access to farm dam capacity and hence have no winter water rights, 

and accordingly this scenario will look at the impact of providing such facilities on the profile of 

the farmers.  Secondly, using water efficiently has been identified in the literature as one of 

the adaptation strategies to climate change and this is empirically considered here.  Lastly, the 

impact of increasing water tariffs on the behaviour of farmers and their profile is also 

considered. 

 

5.5.1 FARM DAM AND WINTER WATER RIGHT ADAPTATION SC ENARIO 

 

Irrigation water plays a crucial role in the production of fruits, vegetables and grains in the 

Ceres region.  The emerging farmers in this area do not have access to on-farm storage (farm 

dam) facilities to store water for use and hence they enjoy no winter water rights (water 

release for irrigation during winter months).  In a set of scenarios (Scenario1 to Scenario5), we 

examine how the welfare of the farmers can be improved through the provision of farm dam 

storage and allocation of water rights.  The potential impact of giving farmers farm storage 

facilities, with and without water rights, is first considered, and then an increase in water rights 

to the farmers follows.  The scenarios are as follows: 

 

Scenario 1 : Farm dam capacity for emerging farmers, no winter water rights.  

Scenario 2 : Farm dam capacity for emerging farmers, with winter water rights.  

Scenario 3 : 20 % increase in farm dam capacity for emerging farmers, winter water right 

allocation.  

Scenario 4 : 20 % increase in farm dam capacity for emerging farmers, winter water right 

allocation increased by 20 %. 

Scenario 5 : 30 % increase in farm dam capacity for emerging farmers, winter water right 

allocation increased by 30 %. 
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5.5.1.1 Impact on area 

 

Table 5.4 shows the relative change in the area under different irrigation intensities relative to 

the base, considering different options from Scenario 1 through to Scenario 5.  Table 5.4 

shows that in Scenario 1, where farmers are given farm dam capacity without giving them 

winter water allocation, farming operations will not improve.  There are no changes between 

the base and Scenario 1 results.  This means that making a farm dam supply available to 

farmers without the ability to extract such water for usage is of no benefit to the farmers. 

 

Table 5.8:   Area under different irrigation intensities (Ha) 

Technology 
UCT Base  

Future Low 
Scenario  

1 
Scenario  

2 
Scenario  

3 
Scenario  

 4 
Scenario  

5 

Optimal 568.0 568.0 618.3 618.3 623.7 626.9 

Supplemental 0.0 0.0 0.0 0.0 0.0 0.0 

Deficit 102.9 102.8 78.1 78.1 76.4 73.2 

Dry land 8.1 8.1 8.1 8.1 8.1 8.1 

Total (ha) 678.9 678.9 704.5 704.5 708.2 708.2 
 

When a winter water right allocation was given to the farmers in Scenario 2, farmers now have 

more water available for irrigation purpose and more land was also cultivated as the total area 

cultivated increased from 679 ha to 705 ha.  The area under deficit irrigation also decreased 

from 103 ha in the base to 73 ha in Scenario 5.  This can be as a result of the fact that farmers 

now have more water to irrigate and that high value crops which require optimal irrigation are 

under cultivation. Table 5.4 show that, as the farm dam capacity and winter water rights 

increase, a considerable change occurs in the irrigation intensity.  This is an indication that a 

capital-intensive project, such as dam construction, will be of little or no value if the farmers 

are not also awarded the required winter water rights to allow them to irrigate during winter 

months. 

 

Table 5.5 shows the crop combinations in the different scenarios.  The area under fruit 

production increased, as did the area under vegetable production.  More specifically, the area 

under pears and nectarines increased when farmers had farm dam capacity and legal access 

to winter water.  Areas under pears increased to 246 ha in Scenario 5, compared to 235 ha in 

the base.  Areas under onions and cauliflower also increased from 142 ha to 147 ha and 58 ha 

to 67 ha, respectively, under these scenarios.  This is an indication that farm dam capacity 

accompanied by winter water rights will help the farmers adapt to the projected climate 

change impact. 
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Table 5.9:   The total average area under cultivation (Ha) 

Crops  
UCT Base  

Future Low 
Scenario  

1 
Scenario   

2 
Scenario   

3 
Scenario  

4 
Scenario   

5 

Fruits 
      Apples 4.9 4.9 4.9 4.9 4.9 4.9 

Apricots 1.5 1.5 1.5 1.5 1.5 1.5 

Pears 235.0 235.0 245.8 245.8 245.8 245.9 

Nectarine 12.6 12.6 13.1 13.1 14.0 14.1 

Peach 58.5 58.5 58.5 58.5 58.5 58.5 

Wwine 2.9 2.9 2.9 2.9 2.9 2.9 

Plums 15.3 15.3 15.3 15.3 15.3 15.3 

Total 330.7 330.7 342.0 342.0 342.9 343.1 

Vegetable s 

Potatoes 0.3 0.3 0.3 0.3 0.3 0.3 

Tomatoes 0.4 0.4 0.4 0.4 0.4 0.4 

Onions 142.4 142.4 146.9 146.9 146.9 146.9 

Cabbage 74.1 74.1 72.6 72.6 71.9 71.7 

Cauliflower 58.2 58.2 65.5 65.5 67.5 67.3 

Carrots 0.1 0.1 0.1 0.1 0.1 0.1 

Peas 0.6 0.6 0.6 0.6 0.6 0.6 

Pumpkin 0.2 0.2 0.2 0.2 0.2 0.2 

Squash 0.1 0.1 0.1 0.1 0.1 0.1 

Butternuts 1.8 1.8 1.8 1.8 1.8 1.8 

Lettuce 0.0 0.0 0.0 0.0 0.0 0.0 

Spinach 0.0 0.0 0.0 0.0 0.0 0.0 

Beetroot 60.1 60.1 63.3 63.3 64.8 64.9 

Sweet melon 0.0 0.0 0.0 0.0 0.0 0.0 

Total 338.3 338.3 351.8 351.8 354.6 354.3 

Pastures 

LTPast 0.0 0.0 0.0 0.0 0.0 0.0 

Lucerne 2.4 2.4 3.0 3.0 3.1 3.1 

Total 2.4 2.4 3.0 3.0 3.1 3.1 

Cereals 

Korog 0.0 0.0 0.0 0.0 0.0 0.0 

Oats 0.5 0.5 0.5 0.5 0.5 0.5 

Wheat 2.4 2.4 2.4 2.4 2.4 2.4 

Maize 2.0 2.0 2.0 2.0 2.0 2.0 

Barley 2.7 2.7 2.7 2.7 2.7 2.7 

Total 7.6 7.6 7.6 7.6 7.6 7.6 
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5.5.1.2 Impact on water use 

 

Figure 5.8 shows increases in agricultural water use: as more water is made available, the 

farmers respond by irrigating more.  Figure 5.8 shows that more water is used in Scenarios 2, 

3, 4 and 5, whereby farmers are given access to farm dam capacity and winter water 

allocation rights.  Farm dam capacity without winter water rights (Scenario 1) shows no 

deviation from the base.  This also confirms the fact that farm dam capacity without extraction 

rights will not be of benefit in improving the welfare of the farmers. 

 

 

Figure 5.10:   Total average agricultural water use per annum 

 

The annual average crop water use presented in Figure 5.9 also shows an increase in water 

usage, relative to the base and Scenario 1.  Crop water use increased by approximately 51 m3 

per ha for all the scenarios, except Scenario 1, where it remains constant, and in Scenario 4 

where it was 45 m3 per ha.  The increase can be attributed to structural changes and higher 

temperatures which result in an increase in the crop water use requirements.  
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Figure 5.11:   Average annual crop water use per hectare 

 

5.5.1.3 Impact on welfare 

 

Figure 5.10 presents the NDFI total for the period of 20 years.  Under the adaptation scenario 

under consideration, the NDFI increased over the planning period.  The increase in NDFI can 

be attributed to an increase in production of both high value crops and vegetables.  The NDFI 

increased by an average of about R94 million from the base in Scenarios 2 to 5.  

 

 

Figure 5.12:   Net Disposable Farm Income – total over 20-years 
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exception of Scenario 1, farm dam availability and winter water allocation will be beneficial for 

all the farmers.  The objective function increased at an average of R17 million from the base. 

 

Figure 5.13:   Total welfare – objective function value 

 

5.5.1.4 Discussion  

 

In this section, the impact of making farm dam supply and access to winter water available to 

the farmers as an adaptation strategy is evaluated and the result is compared to the base.  

The lack of availability of farm dam capacity has been recognised as one of the limiting factors 

to adaptation to climate change.  The result confirms that making farm dam capacity available 

to farmers without also giving them the right to extract the water and use it during winter will 
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storage capacity of the main storage dams of the Cape Town City (CTC) and their storage 
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whether such an option is one to go by because of the investment involved and the possible 

limitation pointed out above. 

 

5.5.2 WATER USE EFFICIENCY ADAPTATION SCENARIO 

 

The second adaptation option to climate change is where water is used more efficiently.  

Here, water use efficiency is increased by 10 %, 20 % and 30 % in Scenarios 6, 7, 8, 

respectively.  The impact of this adaptation strategy will also be discussed in terms of the 

impact on area, water use and welfare.  

 

5.5.2.1 Impact on Area 

 

Table 5.6 shows the relative changes in the area under different irrigation intensities, 

considering the different options from Scenario 6 through to Scenario 8.  Table 5.6 shows that 

using water more efficiently will result in more area under deficit irrigation being irrigated 

optimally.  The efficient use of water makes more water available for irrigation purpose.  The 

area under deficit irrigation decreased in Scenarios 6 through to 8, compared with the base, 

and the area under optimal irrigation increased across the board.  This is an indication that 

efficient water usage as an adaptation strategy will translate to an increase in the cultivation of 

high value crops through optimal irrigation.  

 

Table 5.10:   Area under different irrigation intensities (Ha) 

Technology UCT Base Future Low  Scenario 6 Scenario 7 Scenario 8 

Optimal 568.0 631.9 649.8 672.3 

Supplemental 0.0 0.0 0.0 0.0 

Deficit 102.9 52.2 40.2 26.8 

Dry land 8.1 8.1 8.1 8.1 

Total (ha) 678.9 692.2 698.1 707.2 
 

Table 5.7 shows the crop combination when water is used more efficiently.  The area under 

fruit production increased, as did the area under vegetable production.  More particularly, the 

area under pears increased from 235 ha in the base to 240, 242 and 246 ha, respectively, in 

Scenarios 6, 7 and 8.  The areas under onions and cauliflower also increased, as can be seen 

in Table 5.7.  The analysis shows that using water more efficiently will allow the farmers to 

save water and hence achieve a more profitable level of optimal irrigation. 
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Table 5.11:   The total average area under cultivation (Ha) 

 

Crops  
UCT Base  

Future Low 
Scenario  

6 
Scenario  

7 
Scenario  

8 

Fruits 
    Apples 4.9 4.9 4.9 4.9 

Apricots 1.5 1.5 1.5 1.5 

Pears 235.0 239.6 242.3 246.0 

Nectarine 12.6 12.4 13.0 12.8 

Peaches 58.5 58.5 58.5 58.5 

Wwine 2.9 2.9 2.9 2.9 

Plums 15.3 15.3 15.3 15.3 

Total 330.7 335.1 338.4 341.9 

Vegetables 

Potatoes 0.3 0.3 0.3 0.3 

Tomatoes 0.4 0.4 0.4 0.4 

Onions 142.4 144.3 146.8 146.9 

Cabbage 74.1 72.7 71.9 71.7 

Cauliflower 58.2 60.3 60.0 64.4 

Carrots 0.1 0.1 0.1 0.1 

Peas 0.6 0.6 0.6 0.6 

Pumpkin 0.2 0.2 0.2 0.2 

Squash 0.1 0.1 0.1 0.1 

Butternuts 1.8 1.8 1.8 1.8 

Lettuce 0.0 0.0 0.0 0.0 

Spinach 0.1 0.0 0.1 0.0 

Beetroot 60.1 66.2 67.1 68.2 
Sweet 

melon 0.0 0.0 0.0 0.0 

Total 338.4 347.0 349.4 354.7 

Pastures 

LTPast 0.0 0.0 0.0 0.0 

Lucerne 2.4 2.6 2.8 3.0 

Total 2.4 2.6 2.8 3.0 

Cereals  

Korog 0.0 0.0 0.0 0.0 

Oats 0.5 0.5 0.5 0.5 

Wheat 2.4 2.4 2.4 2.4 

Maize 2.0 2.0 2.0 2.0 

Barley 2.7 2.7 2.7 2.7 

Total 7.6 7.6 7.6 7.6 
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5.5.2.2 Impact on water use 

 

Figure 5.12 shows a reduction in agricultural water use, as water is used more efficiently.  

Figure 5.12 shows that less water is used in Scenarios 6, 7 and 8 and this corresponds to 

10 %, 20 % and 30 % increases in water use efficiency.  As the farmers use water more 

efficiently, the total agricultural water usage decreases.  The available water can thus be used 

to increase the area under irrigation. 

 

 

Figure 5.14:   Total average agricultural water use per annum 

 

The annual average crop water use is presented in Figure 5.13.  The figure also shows a 

reduction in annual water usage compared to the base scenario.  Crop water use decreased 

by approximately 391 m3, 850 m3 and 1 321 m3 per ha, respectively. Corresponding to 10 %, 

20 % and 30 % increases in water use efficiency.  The decreases can be attributed to a more 

efficient water use strategy by the farmers, thus making more water available to put more area 

under irrigation and for converting crops from deficit irrigation to optimal irrigation, especially 

fruit crops that need to be irrigated optimally for good harvest.  
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Figure 5.15:   Average annual crop water use per ha 

 

5.5.2.3 Impact on welfare 

 

Figure 5.14 presents the NDFI total for the period of 20 years.  Figure 5.14 shows that using 

water more efficiently will lead to an increase in NDFI over the planning period. The increase 

in NDFI can be attributed to the increase in production of both high value crops and 

vegetables.  More efficient water use also reduced the production cost, increased production 

volumes and hence increased NDFI.  The NDFI increased by an average of about R51 million 

from the base. 

 

 

Figure 5.16:   Net Disposable Farm Income – total over 20 years 

 

Figure 5.15 shows the changes in objective function as a result of the increase in water use 

efficiency by the farmers.  The results indicate that efficient water usage can substantially 
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improve the welfare of the farmers.  The objective function increased by an average of 

R11 million compared to the base. 

 

 

Figure 5.17:   Total welfare – objective function value 

 

Acccordingly, using water more efficiently could be a favourable adaptation strategy to 

improve the welfare of the farmers in the Ceres region of the Western Cape. 

 

5.5.2.4 Discussion  

 

In this section, using water more efficiently is tested as an adaptation strategy to climate 

change.  The result shows that the welfare of the farmers is improved when water is used 

more efficiently.  Increasing irrigation efficiency would lead to saved water, which can either 

be used to augment crop yield (expand irrigated area), allow more water for downstream 

users or release water for other uses.  In the context of this study, it led to more marginal land 

being used for production and an increase in the area under optimal irrigation.  In the light of 

climate change, improving irrigation efficiency would be a plausible adaptive strategy.  This 

could be achieved through the reduction of water leakages, changing to a more efficient 

irrigation system, irrigating during the night rather than day, the use of less thirsty crop 

cultivars and better water use monitoring. 

 

5.5.3 INCREASE IN WATER TARIFFS SCENARIO 

 

In this section, we investigated increases in water tariffs by 10 %, 20 % and 30 %, as an 

adaptation option to climate change, in Scenarios 9, 10 and 11, respectively.  An increase in 
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water tariffs is hypothesised to reduce water usage and also encourage farmers to use water 

economically.  

 

5.5.3.1 Impact on Area  

 

Table 5.8 shows the area under different irrigation intensities when water tariffs are increased.  

It is evident from this table that the status quo remains the same, as it was in the base.  

Increases in water tariffs would not induce farmers to bring marginal land into production and 

because the farmers are also careful in their irrigation intensity, they would not be able to 

increase the area under optimal irrigation because they would have to pay more for the water 

used.  

 

Table 5.12:   Area under different irrigation intensities (Ha) 

Technology UCT Base Future Low Scenario 9 Scenario 10 Scenario 11 

Optimal 568.0 568.7 569.6 570.5 

Supplemental 0.0 0.0 0.0 0.0 

Deficit 102.9 102.8 102.5 102.1 

Dry land 8.1 8.1 8.1 8.1 

Total (ha) 678.9 679.6 680.1 680.7 
 

Table 5.9 shows the crop combinations when water tariffs are increased.  Table 5.9 shows 

that the increase in water tariffs would not change the existing crop combination from the 

base.  Instead of removing productive land from production, the farmers maintained the status 

quo by paying more for water to maintain the farm structure.  However, a slight increase in 

area under pears was observed but this dropped back to 233 ha in Scenario 11 because the 

increment cannot be sustained.  The analysis above is an indication that increasing the water 

tariffs is not a favourable adaptation strategy for the farmers in Ceres.   
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Table 5.13:   The total average area under cultivation (Ha) 

Crops  
UCT Base  

Future Low 
Scenario  

9 
Scenario  

10 
Scenario  

11 

Fruits 
    Apples 4.9 4.9 4.9 4.9 

Apricots 1.5 1.5 1.5 1.5 

Pears 235.0 234.5 234.1 233.6 

Nectarine 12.6 12.7 12.8 12.9 

Peaches 58.5 58.5 58.5 58.5 

Wwine 2.9 2.9 2.9 2.9 

Plums 15.3 15.3 15.3 15.3 

Total 330.7 330.3 330.0 329.6 

Vegetables 

Potatoes 0.3 0.3 0.3 0.3 

Tomatoes 0.4 0.4 0.4 0.4 

Onions 142.4 142.4 142.4 142.4 

Cabbage 74.1 74.5 75.0 75.4 

Cauliflower 58.2 58.5 58.8 59.2 

Carrots 0.1 0.1 0.1 0.1 

Peas 0.6 0.6 0.6 0.6 

Pumpkin 0.2 0.2 0.2 0.2 

Squash 0.1 0.1 0.1 0.1 

Butternuts 1.8 1.8 1.8 1.8 

Lettuce 0.0 0.0 0.0 0.0 

Spinach 0.0 0.0 0.0 0.0 

Beetroot 60.1 60.3 60.5 60.7 
Sweet 

melon 0.0 0.0 0.0 0.0 

Total 338.3 339.2 340.2 341.2 

Pastures 

LTPast 0.0 0.0 0.0 0.0 

Lucerne 2.4 2.4 2.4 2.4 

Total 2.4 2.4 2.4 2.4 

Cereals  

Korog 0.0 0.0 0.0 0.0 

Oats 0.5 0.5 0.5 0.5 

Wheat 2.4 2.4 2.4 2.4 

Maize 2.0 2.0 2.0 2.0 

Barley 2.7 2.7 2.7 2.7 

Total 7.6 7.6 7.6 7.6 
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5.5.3.2 Impact on water use  

 

Figure 5.16 shows the trend in agricultural water use with increases in water tariffs as an 

adaptation strategy to climate change.  Figure 5.16 shows that increases in tariffs did not 

allow the farmers to increase their agricultural water use. More importantly, it also did not 

cause a decrease in water use.  This gives the reason why the farmers are not able to 

increase the area under fruit and vegetable production. 

 

 

Figure 5.18:   Total average agricultural water use per annum 

 

In order to increase the areas under fruit and vegetable production, the farmers in return 

should be prepared to pay more for water.  The annual average crop water use is presented 

in Figure 5.17.  Figure 5.17 shows a decrease in average annual water usage as tariffs 

increase. Crop water use decreased by approximately 6 m3, 10 m3 and 15 m3 per ha, 

respectively, for 10 %, 20 % and 30 % increases in water tariffs.  

 

 

Figure 5.19:   Average annual crop water use per ha 
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The decrease is the result of farmers cutting down on the expenses for water in the 

production cycle as a result of the increase in the costs of irrigation water.  Such an 

adaptation strategy could impact negatively on the volume of production because water is an 

important input in the farming system.  Despite decreases in per hectare usage of water, the 

total water usage remained the same. 

 

5.5.3.3 Impact on welfare  

 

Figure 5.18 presents the NDFI total for the period of 20 years.  With increases in water tariffs, 

the NDFI decreased over the planning period.  The decrease in NDFI can be attributed to 

increases in water tariffs that translated to increases in the production cost.  

 

 

Figure 5.20:   Net Disposable Farm Income – total over 20 years 

 

Figure 5.19 shows the changes in the value of objective function as a result of increases in 

water tariffs.  The results indicate that increases in water tariffs reduce the welfare of the 

farmers.  The objective function decreased by an average of R1 million compared to the base.  

The increase in water tariffs scenario is found not to improve the welfare of the farmers. 
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Figure 5.21:   Total welfare – objective function value 

 

5.5.3.4 Conclusion  

 

The impact of increases in water tariffs as an adaptation strategy to climate change was 

analysed.  The model results indicate that increasing water tariffs as an adaptation strategy to 

climate change is less effective in the agricultural sector and could even result in a negative 

impact, since farmers grow deciduous fruit crops which often require even more water, 

irrespective of the tariff regime.  In addition to this, the vegetable crops planted in the Ceres 

area also require optimal levels of irrigation.  Furthermore, the price elasticity of demand for 

agricultural water is very inelastic since farmers cannot simply stop irrigating or change to 

deficit irrigation.  The production of fruit crops that must meet export market requirements 

requires that the farmers irrigate optimally and an increase in water tariffs, as seen in this 

section, will jeopardise production for such markets.  

 

5.5.4 CONCLUSION 

 

In this chapter, results from several models used in the study have been presented.  It is 

evident that climate change will impact on future crop water requirements.  Increased crop 

water requirements under a warming climate will place greater demands on available soil 

moisture and irrigation water supplies.  Therefore, under climate change conditions, water 

could become a constraining factor for agriculture if not managed properly.  Responding to the 

challenges of climate change impacts on water resources requires the use of adaptation 

strategies at local, regional, national and global levels.  The adoption of crop varieties with 

increased resistance to high temperatures could help farmers cope with climate change 

because increased temperature increases evapo-transpiration and hence increases in crop 
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water requirements.  In addition to this, the analysis shows that irrigation technology also has 

impacts on crop water requirements and consequently farmers should make use of more 

efficient irrigation technology systems.  The initial investment might be large but the long-run 

impact of such an investment will be beneficial in the long run.  

 

Climate change will also have an impact on the future chill unit accumulation in the Ceres area 

of the Western Cape, South Africa.  The province is a producer of fruits in  South Africa.  The 

models used, Richardson and Infruitec, projected a reduction in the future chill unit 

accumulation.  The deciduous fruit industry in the Western Cape will have to develop 

agricultural adaptation measures (e.g. low-chill varieties and dormancy-breaking chemicals) to 

cope with these projected changes.  For some crops, production might no longer be possible.  

The usage of dormancy breaking chemical will, however, lead to increases in the cost of 

production of high value crops.  Research and development is required on cost-effective and 

safe rest-breaking products to improve and increase fruit production in the Ceres region.  

Other adaptation strategies as identified in the literature include orchard cooling technologies, 

such as the use of evaporative cooling and kaolin-based particle film during autumn, to boost 

the early accumulation of chill units (Midgley and Lotze, 2011).  

 

It was also demonstrated how the integrated modelling framework can be used to evaluate 

proposed adaptation strategies, such as an increase in farm dam storage capacities (the lack 

of which was identified as one of the key obstacles towards adaptation to climate change).  

Water use efficiency and increases in water tariffs as adaptation scenarios were also 

analysed.  The analysis shows that increasing water tariffs is not a good adaptation strategy 

for farmers in the Ceres region.  This increases the cost of production and thus reduces the 

welfare of the farmers.  This is because high value crops and vegetables can only be 

produced under optimal irrigation.  The irrigation demand for water is inelastic and it is unlikely 

that high water tariffs will reduce the level of water used for production.  

 

Depending on the availability of funds to make farm dams available for emerging farmers, 

increasing access to farm dam capacity and winter water allocations seems to be the best 

adaptation strategy from the analysis presented in this thesis.  However, simply giving farmers 

farm dam capacity alone will not improve the situation of the farmers, according to the 

analysis.  Accordingly, caution should be taken when considering such an adaptation option.  

It is important to note that farm dams constitute capital intensive infrastructure and if the farm 

dams do not fill up, this might worsen the situation of farmers since the high capital cost and 

resulting high unit cost of farm dam water will increase their financial vulnerability.  This can 

be a regretted option and countries are being urged to improve and consolidate their water 

resources management systems and to identify and implement “no regrets” strategies, which 

have positive development outcomes that are resilient to climate change.  Therefore, giving 
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farmers farm dam capacity and winter water rights might be a good adaptation strategy, 

although other issues surrounding its suitability should be considered. 

 

Increasing water use efficiency as an adaptation option, according to the analysis carried out 

in this study, is also a good adaptation option for the farmers.  Improved water management 

practices that increase the productivity of irrigation water use may provide a significant 

adaptation potential under future climate change.  Using water more efficiently improved the 

welfare of the farmers and also saved water for optimal irrigation usage.  It can be referred to 

as a “no-regret” climate change adaptation option and could potentially make a substantial 

contribution towards increasing the water supply in the study region.  Improvement in irrigation 

efficiency is crucial in ensuring the availability of water, both for food production and 

competing human and environmental needs. The findings from this adaptation scenario justify 

the investment that has been made by organisations, such as the Water Research 

Commission (WRC), towards water use efficiency in South Africa.  Various research projects 

funded by the WRC have demonstrated how improvements can be made to efficiently 

manage water in South Africa (Reinders 2011, Annandale et al., 2011, van Averbeke et al., 

2011).  Therefore, using water more efficiently will be the best adaptation option based on the 

analysis done in this study to help the Ceres farmers cope with the future projected impacts of 

climate change.  Overall, a change in the profile can be expected as a result of climate 

change and adaptation thereto.  Given the role of agriculture and the contribution of Western 

Cape to the South African balance of payments in terms of exports, adaptation that will 

improve the welfare of both emerging and commercial farmers should be considered.  
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CHAPTER 6 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS  

 

6.1 INTRODUCTION 

 

6.1.1 BACKGROUND AND MOTIVATION  

 

Climate change will have economic effects on agriculture, including changes in farm profitability, 

prices, supply, demand, trade, and regional comparative advantage.  Many countries are 

vulnerable to this global climate phenomenon because of the potential impact on marginal natural 

resources balance and agricultural productivity (IPCC, 2001).  The Western Cape (WC) region of 

South Africa, with its Mediterranean-type climate and predominantly winter rainfall, has been 

identified as highly vulnerable to projected climate change, within both global and national 

contexts.  Increasing competition for water has resulted in the construction of a number of smaller 

water storage reservoirs in the last twenty years with limited number of sites left for development.  

The Western Cape will experience increased temperatures and reductions in water supplies in the 

future and these have to be adequately prepared for in order to ameliorate these impacts.  

 

6.1.2 PROBLEM STATEMENT AND OBJECTIVES  

 

The projected increase in temperature will have an impact on water availability (IPCC, 2001). 

Water resource is of most concern because changes in the water supply will affect water 

availability for household use, water use in agricultural practices, and the vast industrial water 

demand.  In addition to the impact on water supply, climate change is also expected to affect 

future winter chill and thus could have a major impact on fruit species with chilling requirements 

(FAOSTAT, 2009).  All deciduous fruit trees require a certain amount of coldness to enter into 

dormancy (Sheard, 2001).  Insufficient winter chill can severely affect fruit yields and fruit quality 

when chilling requirements are not fulfilled (Dennis, 2003).  If winter chill decline occurs owing to 

climate change, production constraints are likely to occur, because many trees might not fulfil their 

minimum chilling requirement (Luedeling et al., 2009).  Thus, climate change is expected to have 

a major impact on agricultural activities in the Western Cape. 
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There have been a number of studies in South Africa which have focused on the impacts of 

climate change at national level (Turpie et al., 2002, Gbetibouo & Hassan 2004).  The shortfall in 

the research addressed by past studies on the impacts of climate change is the lack of studies 

examining impacts at farm level.  Thus, there is a need to quantity this impact at farm level. 

 

Integrated modelling can be used to examine impacts either at the farm or activity level, and this 

involves combining GCM (Global Circulation Models), RCM (Regional Climate 

models)/downscaling to relevant spatial (and temporal) scales, Hydrology models (Rainfall-runoff 

models) to relate changes in climate to changes in (impacts on) runoff, surface water evaporation, 

plant evapo-transpiration (water use) and return flows and economic models in order to translate 

the impacts of climate change on plants and humans directly into climate change damages and 

adaptations thereto.  Few studies in South Africa have estimated the benefits and costs of 

adapting to climate change.  Notable among such studies are Callaway et al. (2008a, 2008b and 

2009).  These studies were done at aggregate level and it was difficult to adequately model 

climate-variable sensitivity at this level.  Louw et al. (2012) have pointed out that there is a need 

for more research to be carried out to increase the sensitivity of the farm models to climate 

change variables (temperature and water availability).  This is of paramount importance since 

both temperature and water availability will have an impact on future farm structure in the Ceres 

region of Western Cape.  Although researchers have been able, to a certain extent, to model the 

impact of climate change on the farm sector using integrated methodology, they have not yet 

included the impact of future changes on crop water requirements, as well as the impact on 

accumulated chill units.  Accordingly, we currently do not have empirical knowledge of how the 

current and future change in crop water requirements and accumulated chill units will affect the 

farm structure.  

 

The aim of this study has been to develop and apply an integrated approach to quantify the 

economic impact of climate change on the agriculture and water resource sectors of Ceres, in the 

Western Cape Province of South Africa.  Specific reference is made to the small-scale/resource 

poor farmers and to the commercial farmers because both groups of farmers will be affected by 

climate change.  Such information will be useful for decision making in the planning and 

management of climate risk for agriculture and water resources development in Ceres, and for a 

wider application in Africa as a whole.   
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6.2 LITERATURE REVIEW  

Climate change is a reality. Given climatic requirements of fruits, and the expected change in 

climatic conditions in the Western Cape, the fruit farmers are in for a hard time. Farmers will have 

to adapt in order to remain in production. Depending on the type of adaptation considered or a 

combination of adaptation considered, it should be able to completely offsets most of the 

agricultural income loss, if not, leaves an individual farmer with a small loss. The farmer may be 

forced to lower profit expectations, but the farmer remains solvent and flexible enough to be able 

to develop new production and marketing strategies for the future. Thus, adaptation can be 

considered successful if it maintains services or welfare with a small or minimal loss.  

DLP can be used as an economic model in the framework of IAM. Several authors found DLP 

method appropriate in simulating the farm system. It a useful tool for analysing the interactions 

between management measures and production intensity on one hand, and farm income and 

environmental aspects on the other hand. Moreover, it is a useful tool for determining the 

implications of different policy options at farm level on economic and environmental aspects of 

farming.  Whole farm planning models are mostly developed with DLP. The reason for the 

development of whole farm planning models with this technique was to enable agricultural 

economists to provide policy makers as well as farmers with a holistic (whole farm) answer on 

practical farm problems. Without this, any advice given may be incompatible with the local farming 

practices, or may lead to lower, rather than higher, economic returns to farmer (Pannell, 1996).  

 

The shortcoming of the existing model is that the impacts of temperature and crop water 

requirements are not properly modelled and this has an impact on the sensitivity of the model. 

Thus, the researchers are unable to model the impact of temperature increases in the modelling 

framework which will have impact on the various adaptation strategies. Thus in order to accurately 

quantify the impacts of different adaptation strategies at farm level, the existing models need to be 

adjusted and methodology developed to incorporate the impact of temperature.  

Crop water requirement and chill unit requirement of various crops has been found to be 

dependent on temperature. Therefore, the impact of temperature on crop water requirement as 

well as on chill unit accumulation can be incorporated into the farm model in order to improve the 

sensitivity of the model to climate variable. Several models are used to estimate crop water 

requirement in South Africa but SAPWAT has been fully adopted by the DWAF as a tool for 

determining irrigation water allocation in connection with the registering and licensing of 

agricultural water use. SAPWAT has been widely used in South Africa and is proved to be 

sufficient in the estimation of irrigation crop water requirement. 
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With respect to chill unit accumulation, two important monitoring systems for chill accumulation 

are mostly used in South Africa. The Utah or Richardson model (Richardson et al., 1974), 

measuring “Richardson Chill Units (RCU)” and the Infruitec model (daily positive Utah model), 

measuring “Infruitec Chill Units (ICU). Studies on winter chill and chilling requirement often tacitly 

assume that the choice of the model is not important and that all models can be used 

interchangeably. These models (Richarson and Infruitec) have been applied in South Africa and 

have been found to produce good and consistent result depending on the area.  

Based on the literature, an integrated assessment model (IAM), which combines scientific and 

economic aspects of climate change primarily for the purpose of assessing policy options for 

climate change adaptation, is required to properly understand the appropriate adaptation option to 

cope with the projected impact of climate change. It is required that such an integrated 

methodology be sensitive to climate variables in in order to adequately simulate the impact of 

various adaptation strategies on farm system. Addition of additional modules will be essential in 

case where existing model is not sensitive for a valid conclusion to be made regarding the 

suitability of an adaptation strategy.  

 

6.3 IMPACT OF CLIMATE CHANGE ON CROP WATER REQUIREM ENT 

 

SAPWAT3 (van Heerden et al., 2003) was used to estimate crop water requirement for the base 

climate (1971-1990) and for the future climate (2046-2065). Artificial weather station was built into 

SAPWAT to calculate crop water requirement for the future because SAPWAT does not have 

information about the future climate. Two different types of irrigation technologies, namely, drip 

and sprinkler irrigation system were considered and analysed. Water requirement will increase 

substantially for both types of irrigation technology. Results show that the water requirements for 

drip irrigation are less than that of Sprinkler, because of efficiency differences in the irrigation 

systems. The drip irrigation system is said to be a more efficient irrigation technology. It is 

important to state that the crop water requirement is dependent on the cultivar of each crop 

chosen as cultivar differences also play a major role.  

 

Crop water requirement will increase as a result of projected climate change using A2 climate 

change scenario. The crop with the highest deviation from the base in both irrigation systems is 

squash (29 and 34 %) while butternut (6 and 9 %) recorded the lowest deviation from the base 

climate for sprinkler and drip irrigation technologies respectively. Based on the findings an 

important adaptation strategy may be if farmers were to make use of a more efficient irrigation 

system to mitigate the impact of increased water scarcity caused by climate change. It was also 

confirmed that future crop water requirement for drip irrigation system is still lower than the current 
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water requirement under sprinkler. So, despite substantial increase in water requirement under 

drip, the total water requirement will be less under drip compared to sprinkler.  

 

With climate change resulting in increase in crop water requirement in the future and coupled with 

limited available irrigation water and competition between agricultural, urban and industrial water 

usage, farmers should look into a more efficient way of using water. When addressing adaptation 

measures to be implemented to increase water use efficiency, holistic approach that incorporate 

water productivity by crop, use of water in the root zone for transpiration and conversion into 

marketable product as well as efficiency delivery of water from source to soil should be 

considered.  

 

6.4 IMPACT OF CLIMATE CHANGE ON CHILL UNIT ACCUMULA TION  

 

The Utah model of Richardson et al. (1974) and Daily positive Utah (Infruitec) chill unit 

accumulation model of Linsley-Noakes et al.(1994) are used in this section to test the hypothesis 

that winter chill will reduce with climate change. The Richardson and Infuitec models accumulate 

chill units the same way, with the exception that the Infruitec model does not allow one to lose 

units when the temperature exceeds 16ºC, unlike Richardson model which accumulate negative 

units above this temperature. The climate variable of interest here is temperature. It is 

hypothesised that, as temperature increases in the future due to climate change, the accumulated 

chill units will reduce. Results from both models confirmed that climate change will result in 

reduction of future accumulation of chill units. The impact of climate change (projected 

temperature increase) on chill unit accumulation is more pronounced using Richardson model 

compared to Infruitec model. The major difference between the two models according to an expert 

opinion is in terms of the interpretation of the models. The Richardson model gives the “quality” of 

the cold units while the Infruitec model is more about “quantity” of the cold units.  

 

The average deviation from the base for Richardson model over the 20 years period is 36 % while 

that of infruitec is 32 %. These deviations from the mean were found to be statistically significant 

at 95 % confidence interval (α = 0.05). The result shows that it might be difficult to produce some 

fruit crops in the future in the Ceres region due to insufficient chill that will be accumulated in the 

future. Considering the long life span of deciduous fruits compared to annual crops and the 

substantial investments required for the establishment, tree crop growers will be more vulnerable 

to the long term effect of climate change than growers of annual crops. This will likely require 

growers’ transition to different species or cultivars or to develop management practices (planting 

density, pruning practices and irrigation regime) that can help overcome shortages in winter chill. 

Climate change is also likely to severely challenge current production systems, some of which 
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already rely on cultural measures such as rest-breaking chemicals and artificial defoliation. More 

research and development is required on cost-effective and safe rest-breaking products and 

programs which are more suited to warmer conditions. Since most of the crops are already 

established in the present climate, the projected future values of chill units can guide the farmers 

in the selection of cultivars in the future when re-establishment of their orchard is to be done. 

Otherwise, farmers will rely on the use of artificial rest breaking chemicals in case of low 

accumulation. This will increase the production cost and hence have impact on the profitability of 

such enterprise. 

 

 

6.5 COMPARISON OF BASE CLIMATE CHANGE SCENARIOS FRO M THE 

INTEGRATED MODEL 

 

The objective of the modelling exercise was to demonstrate that it is possible to develop an 

integrated modelling framework for evaluating and making adaptation decisions related to 

agriculture and water resources in the Ceres area of Western Cape. This will give an indication of 

changes in farm structure in the future and be able to advise the farmers on appropriate 

adaptation strategy.  

 

The results confirmed that the Ceres dynamic integrated model developed in this study can be 

used to simulate various climate change scenarios, and that the results correspond with what can 

be expected from the farming systems. The impact of climate change has resulted in changes in 

area, water use and welfare of the farmers in the future climate. This is expected because farmers 

like any other economic agent, seek to maximise profit and improve its welfare. With climate 

change less area of land will be under optimal irrigation and more high value fruit crops are been 

substituted by other crops. This is because the fruit crops need optimal irrigation for good 

production and less water is projected to be available in the future. The future sustainability of 

agricultural sector in the Ceres region of Western Cape rely a lot on the type of adaptation 

strategy put in place by and for the farmers to cope with the projected impact of climate change. It 

is also observed that there is no noticeable difference between UCT high and low data. There 

seems to be some level of consistency in the data generated for the A2 high and low GCM data. 

Ultimately the findings show that a substantial change can be expected in the profile of the 

farming community in Ceres. The typical crops that are currently cultivated will have to be 

replaced by other crops that are less susceptible to the decrease in water availability and 

accumulated chill unit. On a positive note however, the changes seem to lead to increase in 

welfare.   
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6.6 CLIMATE CHANGE ADAPTATION SCENARIO 

 

Some adaptation strategies that can further improve the welfare of the farmers are analysed and 

reported. Three different sets of adaptation strategies that were evaluated using the integrated 

model developed to evaluate how adaptation can improve the area, water use and welfare of the 

farmers in the future. These three adaptation strategies include; availability of farm dam and water 

right; improving water use efficiency; and increase in water tariff. Emerging farmers in the Ceres 

region don’t have farm dam capacity and hence no winter water rights.  

 

6.6.1 FARM DAM AND WINTER WATER RIGHT ADAPTATION SCENARIO  

 

Irrigation water plays a crucial role in the production of fruits, vegetables and grains in the Ceres 

region. The emerging farmers in this area do not have access to on farm storage (farm dam) 

facilities to store water for use and hence no winter water rights (water release for irrigation during 

winter months). In this set of scenarios (Scenario1 to Scenario5) the aim was to examine how the 

welfare of the farmers can be improved through provision of farm dam and allocation of water 

rights. The scenarios are as follows: 

 

Scenario 1 : Farm dam capacity for emerging farmers, no winter water right.  

Scenario 2 :  Farm dam capacity for emerging farmers, winter water right.  

Scenario 3 : 20% increase in farm dam capacity for emerging farmers, winter water right 

allocation  

Scenario 4 : 20% increase in farm dam capacity for emerging farmers, winter water right 

allocation increase by 20% 

Scenario 5 : 30% increase in farm dam capacity for emerging farmers, winter water right 

allocation increase by 30% 

 

The results confirmed that making farm dam available to farmers without giving them the right to 

extract the water and use during winter will be of no benefit to the farmers. However, their 

situation improved when the farmers were allocated winter water rights to gain to water in winter. 

This is crucial in an area such as Ceres where majority of the farmers produce deciduous fruits. 

The area is also known for some important vegetables such as Onions. Apart from serving as a 

source of water for both agricultural and urban water usage a dam can also be used for other 

economic purposes. It is important to state that farm dam is a capital intensive infrastructure and if 

the farm dams don’t fill up, it may worsen the situation of farmers since the high capital cost and 

resulting high unit cost of farm dam water will increase their financial vulnerability. Louw et al. 

(2012) presented the bulk storage capacity for the main storage dams of the Cape Town City 
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(CTC) and the storage levels from 2007-2011. The analysis shows that in three of the five years 

the dams did not fill up to their maximum capacities. There is a large probability that increasing 

temperatures and reduced runoff will aggravate this situation in future. Thus, although the findings 

above shows that farm dam capacity and water rights during winter will improve the condition of 

the farmers in the future in the Ceres region, care should be taken if such an option is to go by 

because of the investment involved and the possible limitation pointed at above. 

 

6.6.2 WATER USE EFFICIENCY ADAPTATION SCENARIO  

 

The second adaptation option to climate change was where water is used more efficiently. Here 

water use efficiency is increased by 10%, 20% and 30% in Scenarios 6, 7, 8 respectively. The 

results show that the welfare of the farmers is improved when water is used more efficiently. 

Increasing irrigation efficiency would lead to saved water, which can either be used to augment 

crop yield (expand irrigated area), allow more water for downstream users or release water for 

other uses. In the context of this study, it leads to more marginal land being used for production 

and increase in the area under optimal irrigation. In the light of climate change, improving 

irrigation efficiency could be a plausible adaptation strategy. 

 

6.6.3 INCREASE IN WATER TARIFF SCENARIO  

 

The last set of scenarios investigated the impact of increases in water tariff by 10%, 20% and 

30% as an adaptation option to climate change as Scenarios 9, 10 and 11 respectively. An 

increase in water tariff was hypothesised to reduce water usage and also encourage farmers to 

use water economically. The model results indicate that increasing water tariffs as an adaptation 

strategy to climate change is less effective in the agricultural sector and can even result in a 

negative impact since farmers grow deciduous fruit crops which often use even more water 

depending irrespective of the tariff regime. In addition to this, vegetable crops that are planted in 

Ceres area also require optimal level of irrigation. Also, the price elasticity of demand for 

agricultural water is very inelastic since farmers cannot simply stop irrigating or change to deficit 

irrigation. Production of fruit crops that meet export market requirement requires that the farmers 

irrigate optimally and increase in water tariff as seen in this session will jeopardize production for 

such markets.  

 

 

 

 



Summary, conclusions and recommendations  

109 

 

6.7 RECOMMENDATIONS  

 

Based on the findings of this thesis, a number of recommendations can be made.  For the 

purpose of discussion, the recommendations are divided into two main sections.  The first section 

contains recommendations for policy makers which may contribute towards uplifting the welfare 

and sustainability of the agricultural sector in Ceres, and for application elsewhere.  Following this, 

recommendations for future research will be made.  

 

6.7.1 POLICY RECOMMENDATIONS  

 

• Policies are required to facilitate government in meeting the responsibility of providing 

farmers with subsidised inputs/costs needed for adaptation.  For instance, government 

might subsidise costs of farm dams for small/emerging farmers, costs of the installation of 

drip irrigation and of acquiring improved varieties of inputs necessary for production. 

Adoption of crop varieties with increased resistance to high temperature can help farmers 

cope with climate change because increase temperature increase evapo-transpiration 

and hence increase in crop water requirement. In addition to this, the analysis shows that 

irrigation technology also has an impact on crop water requirement; therefore farmers 

should make use of a more efficient irrigation technology system. The initial investment 

might be big but the long run impact of such an investment will be beneficial in the long 

run.  NPC (2011) also recommends that a substantial increase be made in investment in 

water resources and irrigation infrastructure. 

 

• Efforts should be directed towards making relevant and important information from 

climate change forecasts available to water resource managers.  Such information should 

be integrated into water resources policy, planning and management in a systematic way 

for agricultural and human use in Africa.  It will not be an easy ride to implement 

adaptation and mitigation strategies without institutional support.  It has been 

demonstrated in this study that an integrated approach can provide a valid solution to the 

projected impact of climate change.  South Africa stands at an advantage with a Water 

Act that makes provision for strong institutional governance directed at the river 

catchment level to manage water resources.  Efforts should be directed towards 

integrating climate change strategies into water resources policy and planning at the 

catchment level.  

 

• The Government can play a major role in supporting farmers and businesses to overcome 

some of barriers that can emanate from changing climate by creating an environment 
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conducive to the appropriate adaptation decisions.  Evidence from our level of adaptation 

to current climate and the existence of barriers to adaptation demonstrates that self-

interest will not always be sufficient, particularly as climate change will be much more 

rapid than previously experienced.  Accordingly, adaptation strategies should not be 

politicised and a “no regret” adaptation strategy should be prioritised.  For instance, in this 

study giving farmers farm dam capacity alone will not improve the situation of the farmers 

according to the analysis done. However, caution should be taken when considering such 

an adaptation option. It is important to state that farm dam is a capital intensive 

infrastructure and if the farm dams don’t fill up, it may worsen the situation of farmers 

since the high capital cost and resulting high unit cost of farm dam water will increase 

their financial vulnerability. This can be a regret option and countries are being urged to 

improve and consolidate their water resources management systems and to identify and 

implement “no regrets” strategies, which have positive development outcomes that are 

resilient to climate change. Therefore, giving farmers farm dam capacity and winter water 

right could be a good adaptation strategy but other issues surrounding its suitability 

should be considered. 

 

• More institutional support is necessary for farmers to enable them to adequately adjust 

and adapt to the projected impacts of climate change.  The findings from this study show 

the importance of the investment that has been made by the organizations such as the 

Water Research Commission (WRC) in terms of water use efficiency in South Africa. 

Various research project funded by the WRC has demonstrated how improvements can 

be made to efficiently manage water in South Africa (Reinders 201, Annandale et al., 

2011, Averbeke et al., 2011). Therefore, using water more efficiently will be the best 

adaptation option based on the analysis in this thesis to help the Ceres farmers cope 

with the future projected impact of climate change. Overall, a change in the profile can 

be expected as a result of climate change and adaptation thereof. Farmers will require 

technical support to adequately cultivate improved variety of crops and apply new 

management practices on their farms. Given the role of agriculture and contribution of 

Western Cape to South Africa balance of payment in terms of export, adaptation that will 

improve the welfare of both emerging and commercial farmers should be considered.  
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6.7.2 RECOMMENDATIONS FOR FURTHER RESEARCH  

 

• This research was carried out at aggregate crop level without taking cultivar differences 

into consideration.  Further research needs to be done by breaking crops down into 

different cultivar categories in order to make a more informed policy recommendation to 

farmers about particular cultivars that will adapt well to projected impacts of climate 

change. 

 

• A more sensitive integrated methodology has been developed in this study by extending 

the already existing models.  This model can be tested and applied elsewhere in South 

Africa.  There is also a need to do research similar to this in other regions and in different 

farming systems. 

 

• In this study only the A2 emission climate scenario was considered.  It is recommended 

that other emissions scenarios in near and distant future projections be considered to 

assess the full range of possible climate and runoff outcomes. 

 

• It is important to note that world-wide climate change may result in world-wide changes in 

production patterns, and consequently in changes in product supplies and product 

markets.  This could have a macro-economic impact on an economy.  This means that 

new studies on product combinations – and policy – may have to be done fairly soon.  

 

• There is a need for more research to be carried out, particularly on water use adaptation 

strategies, such as adaptation of cultivars and various facets influencing irrigation 

efficiency.  
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APPENDIX A 
FARM MODEL SET STRUCTURE  
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A.1: Elements of the set C 

Description Element  Description Element 

Apples 
Pears 
Nectarines 
Peaches 
Plums 
White wine 
Lucerne 
Oats 
Potatoes 
Tomatoes 
Onions 
Apricots 
Butternuts 
Lettuce 

Apples 
Pears 
Nect 
Peach 
Plums 
Wwine 
Lucerne 
Oats 
Potatoes 
Tomatoes 
Onions 
Apricots 
Butternuts 
Lettuce 

  
Cabbage 
Cauliflower 
Carrots 
Peas 
Pumpkins 
Squash 
Beetroot 
Sweet melon 
Wheat 
Maize 
Barley 
Triticale 
Long term Pasture 
Spinach 
 

 
Cabbage 
Cauliflw 
Carrots 
Peas 
Pumpkin 
Squash 
Beetr 
Sweetmel 
Wheat 
Maize 
Barley 
Korog 
LTPast 
Spinach 
 

 

I = Set of all crop enterprises , elements are denoted as i.  I is a subset of C.  Elements and 

subsets of I are listed in Table 4.6.  Enterprises are grouped into subsets: 

• Istc is the set of all short term crops 

• Isto is the set of short term crops excluding vegetables 

• Iv is the set of vegetables  

• Ipast is the set of all the pastures  

• IEpast is the set of all long term crops excluding pasture 

• IVegA is the set of  mainstream vegetables 

• IVegB is the set of Rankgewasse  

• IVegC is the set of all other vegetables 

• Ir is the set of all other long term crops 

• Irr is the set of key long term crops 

• Ik is the set of all irrigated crops 

• Id is the set of all dry land crops 
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A.2:  Elements and subsets of I 

Item  Subsets of I  
Description  Element  

Istc Isto Iv 
Ipas

t 
IEp

ast 
IVe

gA 
IVe

gB 
IVe

gC Ir Irr 
Irtes

t Ik Id 
Apples Apples     *    * * * *  
Pears Pears     *    * * * *  
Nectarines Nect     *    * *  *  
Peaches Peach     *    * *  *  
Plums Plums     *    * *  *  
White wine Wwine     *    * *  *  
Lucerne Lucerne    *     *   *  
Oats Oats * *          *  
Potatoes Potatoes *  *   *     * *  
Tomatoes Tomatoes *  *   *     * *  
Onions  Onions  *  *   *     * *  
Apricots  Apricots     *    * *  *  
Butternuts Butternuts *  *    *     *  
Cabbage Cabbage *  *   *      *  
Cauliflower Cauliflw *  *     *    *  
Carrots Carrots *  *     *    *  
Peas Peas *  *    *     *  
Pumpkins Pumpkins *  *    *     *  
Squash Squash *  *    *     *  
Beetroot Beetr *  *     *    *  
Sweet melon Sweetmel *  *     *    *  
Wheat Wheat * *         * * * 
Maize Maize  * *         * *  
Barley Barley * *         * * * 
Tricale Korog * *          * * 
Long term 
Pasture 

LTPast    *     *   *  

Spinach Spinach *  *     *    *  
Lettuce Lettuce *  *     *    *  
 

L = set of land types  with elements denoted by l.  There are only two land types: 

Irrigation land (Irrig) 

Dryland (Dryland) 

 

Sites= set of sites denoted as sites .  There are 19 sites in the model. 

Usite = set of urban sites  denoted as usite .  There is only one site: 

Urban site (URB1). 

 

UA= Set of Urban and Agricultural site  denoted a ua.  There are two sites: 

Urban site (URB1); 

Agric sites (Agric). 

 

AS = set of Agric site denoted as as.  There is only one site: 

Agric sites (Agric). 

Dams  = set of Dam site denoted by dams .  There is only one main storage dam: 

Dams sites (Koekdam). 

 

Ros  = set of runoff sites denoted by ros.  There are two main runoff sites: 

Ros (C1, C2). 
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J = set of all water user types  with elements donated by j.  There are 11 emerging farmers, 

3 representative commercial farmers and one urban region in the model: 

KD1 to KD11; 

KC1 to KC3; 

Urb1. 

 

Irrigation water users (J b is the irrigation user subset): 

KD1 to KD11      Emerging farmers  

KC1 to KC3      Commercial farmers. 

 

Existing Irrigation Users (Ea b is the  Existing irrigation areas): 

KD1 to KD11; 

KC1 to KC3. 

 

Emerging farmers (Eme b is the emerging farmers): 

KD1 to KD11. 

 

Commercial farmers (Cf b is the commercial farmers): 

KC1 to KC3. 

 

FirstFarm(Ea) is a subset of Ea representing the fi rst farm. 

LastFarm(Ea) is a subset of Ea representing the las t farm. 

 

Uj is a set of urban users  

Urban users      Urb 

 

G = set of urban sector users , elements of which are denoted as g.  

Household user  ihh 

 

FWg = Demand sector receiving free water (FWg is urban se ctor user subset): 

Household user      ihh 

 

P= is a set denoting the destination of crop produc ts, element of which is denoted as p.  

There is only one destination which is the market. 

 

SA = is a set of saving , element of which is denoted by sa: 

Invest    

 

LO= is a set of debt,  element of which is denoted as lo : 
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Stloan       

 

OF= is a set of Overhead factors, denoted as of: 

Vegetables    Vegies,  

Long term crops   LTcrops,  

Dryland crops    Drcrops  

 

GLS = is a set denoting the growth stage , element of which is denoted by gls: 

g01 to g40  

 

TH = is a set denoting total time series , element of which is denoted by th: 

Y2017 to Y2065             

 

Planning horizon (ph th is a total time series subset) : 

Y2046 to Y2065 

 

Previous years (py th is total time series subset) : 

Y2017 to Y2045  

 

FirstYr (FirstYr ph is planning horizon subset) : 

First year 

 

LastYr (LastYr ph is planning horizon subset) : 

Last Year 

 

M = set of months,  elements of which are denoted by m: 

January to December 

 

wwm m = Winter months (wwm m  is months subset): 

April, May, June, July, August, September  

 

swm m = Summer months (swm m is months subset): 

October, November, December, January, February, March  

 

FirstMo m =  Frist month (FirstMo m is month’s subset): 

First Month 

 

LastMo m = Last month (LastMo m is month’s subset): 

Last Month 
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Q=set of water sources, elements of which are denoted as q: 

Koekedouw summer (KkdouwS) 

Koekedouw winter (KkdouwW)  

Warm Bokkeveld (WarmBW)  

Bore holes (Boreh) 

 

ww q = Winter water (wwq is water sources subset): 

Koekedouw winter (KkdouwW)  

Warm Bokkeveld (WarmBW)  

Bore holes (Boreh) 

 

kw q = Koekedouw water (kwq  is water sources subset):       

Koekedouw summer  KkdouwS 

Koekedouw winter  KkdouwW,   

 

ow q = All other sources  (owq is a subset of water sources): 

Warm Bokkeveld  WarmBW,  

Bore holes   Boreh       

               

wp q = Pump water schemes  (wpq is a water sources subsets): 

Bore holes   Boreh 

 

FD= is a set of farm dams, elements of which are denoted by fd. 

Farm dams        FDams   

 

A1(ROS,SITES) = is a set relating run off  to sites 

C1 .Koekdam 

C2.Koekdam 

 

A2(DAMS, SITES)  = is a set relating dam  to sites 

Koekdam.URB1 

Koekdam.Agric 

 

H = set of irrigation intensity possibilities,  elements of which are denoted as h.  There are 

four levels: 

Optimal irrigation   (Opt) 

Supplemental irrigation   (Supp) 

Deficit irrigation    (Defc) 

Dryland    (Dry) 
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Louw (2001) has referred to supplemental irrigation as three to four irrigations per season.  

Deficit irrigation is defined as lower intensity irrigation over the whole season, with the 

exception of irrigation during specific critical phases of the production season (for instance 

during blooming, fruit set and post-harvest irrigations).  However, strict quality demands by the 

fresh produce markets preclude the possibility of applying supplemental or deficit irrigation on 

some crops.  For example, it is not possible to produce high quality table grapes, prunes and 

vegetables under lower intensity irrigation (Louw, 2001). 

 

h_to_l(h,l) = a set of relating irrigation intensit y to land type 

Optimal, deficit and supplemental irrigation intensities relate to irrigation land 

((Opt,Supp,Defc).Irrigat) and dryland relates to dryland (Dry.Dry) 

kw_to_A6(kw,A6) = set relating Koekdam to Agric all ocation  

(KkdouwS, KkdouwW).Koekdam  

 

IT= set of irrigation technology , elements of which are denoted by ‘it’.  There are three 

irrigation technologies: 

Micro 

Drip 

Sprinkle 

 

Alias statements 

 

Alias statements are a convenient way of giving another name to a previously declared set.  It 

is useful for sets where there are interactions between the elements within the same set.  The 

following alias statements were used. 

Alias (j,jp); 

Alias (l,lp); 

Alias (h,hp); 

Alias (b,bp); 
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APPENDIX B 
THE LAYOUT OF THE BULK WATER 

INFRASTRUCTURE  
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