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[bookmark: _Toc525042477]Abstract
Using a dynamic Computable General Equilibrium (CGE) model of Uganda, we simulate the effects of water shortages and their impact on agricultural production and the broader Ugandan economy. It is expected that Ugandan crop production will be hit hard over the next forty years by increasing temperatures and decreasing precipitation. We use forecasts from the literature for ten specific crop outputs to simulate the effects of weather-related agricultural disruption on the rest of the economy. We are particularly interested in the effects on food security in Uganda. We find that Uganda is far from being food secure, and hypothesize that if the pessimistic forecasts from the literature were to become true, then the situation would deteriorate significantly. The adaptation strategies for Uganda should be threefold: the country should diversify agricultural production to include more hardy crops; expand the manufacturing industry considerably, and develop water infrastructure so that households and agricultural industries can gain better access to the increasingly scarce resource. 


Table of Contents
Abstract	1
1	Introduction	1
2	Food Security in Uganda	1
2.1	Defining food security	1
2.2	Food availability	2
2.3	Utilization of food	3
2.4	Food stability	4
3	Climate change in East Africa and its likely effects on certain agricultural crops in Uganda	7
3.1	Bananas	7
3.2	Beans	8
3.3	Cassava	8
3.4	Coffee and Tea	9
3.5	Cotton	9
3.6	Maize	10
3.7	Millet	10
3.8	Rice	10
3.9	Rootcrops	10
3.9.1	Sweet potato	10
3.9.2	Potato	11
3.10	Sorghum	11
3.11	Wheat	11
3.12	Livestock	11
3.13	Fisheries	12
4	The model and database	12
5	Simulation design and assumptions	18
5.1	Modelling a fall in agricultural output	18
6	Results	19
6.1	Macro results	19
6.2	A BOTE explanation of the Macroeconomic results	22
6.3	Industry results	25
Annuals products, rank 3	26
Wearing and Apparel products, rank 4	26
Livestock products, 6th worst loser	27
Food and Beverage products, 5th worst loser	27
Seafood products, 4th worst loser	27
Coffee products, 3rd worst loser	27
Grain products, 2nd worst loser	27
Oils and fats products, biggest loser	27
7	Conclusion	28
8	Bibliography	29





[bookmark: _Toc525042478]Introduction
Lake Victoria is the second largest fresh water lake in the world. It spans 68,800 square kilometres, and has a shoreline of 7,000 km. It contains the seemingly infinitely large source of the mighty Nile River. The Nile flows through ten upstream countries before reaching Egypt and before it runs into the Mediterranean Sea. 
Uganda is a relatively small fertile country on the equator in Africa and it is fortunate enough that almost half of Lake Victoria lies within its borders. About 20% of the Ugandan border runs through the middle of the lake.  
Uganda also has other lakes on or within its borders. From Lake Victoria, the Nile runs through the countryside into Lake Albert, which forms a large portion of the western border with the DRC. From there the river crosses the border into Southern Sudan. A third large lake is Lake Kyoga, which is quite extensive towards the upper middle part of the country, while Lake Edward lies in the south-western corner of Uganda in the Queen Victoria National Park. 
If one has visited the south-eastern parts of Uganda around Kampala or Entebbe, and experienced some of their torrential rainstorms and the resulting ungovernable muddy roads, you might make the mistake that Uganda does not and probably never will have water supply problems. 
Even so, Uganda is also the place where the UN World Food Program (WFP) provided emergency food aid for more than 40 years until 2012, when it scaled back its operation to provide more targeted, voucher, and cash-based assistance. Food shortages remain a problem to this day because of drought-affected harvests. 
In this paper, we examine the state of food security in Uganda and explore the effects of possible rainfall decline over the coming decades through to 2050. We conclude with possible adaptation strategies, without modelling them specifically. 
The remainder of this chapter is broken into six sections. Section 2 examines the current state of food security in Uganda. The effects of future water shortages due to climate change on specific crops are examined in Section 3. The Computable General Equilibrium (CGE) model used for the analysis is described in Section 4, with simulation design outlined in Section 5. Section 7 contains results from the modelling. Section 7 contains concluding remarks. 
[bookmark: _Toc525042479]Food Security in Uganda
[bookmark: _Toc525042480]Defining food security
The Food and Agricultural Organization of the United Nations (FAO) claims that by 1980 there had been more than 200 definitions of food security published in research and policy usage (FAO, 2003). The initial focus of attention was primarily on food supply problems in terms of (i) the availability of food and (ii) the price stability of basic foodstuffs nationally and internationally. The 1974 definition of food security was given as “the availability at all times of adequate food supplies of basic foodstuffs” (p.1). 
The world food crisis of the mid-1970s[footnoteRef:1] led to a redefinition of food security to stress the importance of potentially vulnerable and affected people as a critical aspect (FAO, 2003). Even if there was a sufficient supply of food, there could be a lack of effective demand due to poverty and low incomes. The definition of food security was therefore expanded to include aspects of both supply and demand of food. Moreover, the “food” in “food security” has also been defined to include a certain level of nutritional ingredients. The definition as presented in The State of Food Insecurity 2001 was:  [1:  In the early 1970s there was scarcity in the world grain market, soaring prices and famines spread over several countries of Asia and Africa. A world food conference was held in 1974 to address world hunger (FAO, 2003). ] 

“Food security [is] a situation that exists when all people, at all times, have physical, social and economic access to sufficient, safe and nutritious food that meets their dietary needs and food preferences for an active and healthy life” (FAO, The State of Food Insecurity in the World, 2002).
This definition is clearly much more elaborate than the one on the mere availability of basic foodstuffs given above. The physical and economic access points towards the demand side of consumers who should have the means to buy food – food of appropriate quality that is much more than basic foodstuffs: it should be sufficient, safe, nutritious, and should meet very specific dietary preferences. The goal of food security is therefore not only to survive, but also to be able to lead an active and healthy life. Finally, there should be stability of food security so that households or individuals could utilize the food at all times. 
We now discuss the four aspects of food security with respect to Uganda. 
[bookmark: _Toc525042481]Food availability
The literature indicates that Ugandans frequently do not have enough food to eat. A recent report by the National Planning Authority (NPA, 2017) indicates that many households in Uganda have been suffering from food insecurity, due to a lack of income to buy food, or due to droughts that made it difficult to produce their own food:
“On a national level, throughout the period 2009/10-2015/2016, 16 per cent of the households were chronically undernourished and only 4 per cent of the households remained food secure. Of great concern is the rather high vulnerability to food insecurity, with 80 per cent of the households having suffered transient food insecurity. At the regional level, the northern region was home to nearly 40 per cent of the chronically food insecure households, followed by the eastern region at 27 per cent.”

The report further notes that:

“For some households, food shocks were recurrent but varied in severity for the different periods spanning the survey. The households reporting a high prevalence of food shocks were in rural areas and were more likely to be reliant on agricultural sources.  Such households have lower average wealth levels to act as buffers in difficult times. 

The reasons behind food shocks were primarily related to food production inadequacies due to climatic shocks. Drought/poor rains were the most cited cause, particularly for rural households. This cause is followed by income insecurity, particularly in urban areas, and high food prices, which equally affect both rural and urban households. A large portion of households also reported they did not plant enough to ensure availability of food stocks” (NPA, 2017, page 59).
[bookmark: _Toc525042482]Utilization of food
Food security was defined above as “access to safe and nutritious food”, amongst others.   
Water.org claims that more than 40% of people living in the greater Kampala area live in unplanned settlements and that only 17% of them have access to piped water (Water.org, 2016). If this is true of the greater Kampala area, which is situated adjacent to the Victoria Lake, then it must be worse in the rural areas. Many people therefore use springs and other surface sources that are highly contaminated for this reason, and because the price of safe water is very high (three time higher than in planned urban communities). The problem is also getting worse in Kampala because of migration by the high growing population to the informal settlements (p.1). The authors claim that “more than half of all residents in Uganda do not have access to improved sanitation, sharing overcrowded pit latrines or practicing open defecation,” which cause frequent outbreaks of waterborne diseases such as cholera and dysentery (Water.org, 2016). 
The World Bank confirms the desperate state of affairs in Uganda and claims that 13.8 million people use unsanitary or shared latrines, while 3.2 million have no latrine at all and defecate in the open (World Bank, 2012). In some districts of Uganda, the situation is very bad: according to Wilfred Okello, a water and sanitation specialist, in the Karamoja sub-region, out of 128 villages in Napak District, only four have latrines. In Kaabong, out of 287 villages only six have toilets. For the case of Kotido, there are 187 villages and of these, only two have pit-latrines. Nakapiripiriti, on the other hand, has only one village that has latrines (Nakibuuka, 2016).
According to the WHO, “most diarrheal deaths in the world (88 per cent) are caused by unsafe water, sanitation, or hygiene. More than 99% of these deaths are in developing countries, and about 8 in every 10 deaths are children” (WSP and UNICEF, 2014) . Diarrhoea obliges households to spend money on medicine, transportation, health facility fees, and more and can mean lost work and wages among working household members.
The Water Institute at the University of North Carolina in Chapel Hill visited Uganda for a case study of community-led total sanitation (CLTS) implementation, focusing on the roles and responsibilities of local actors. They are happy that the Ugandan government has policies in place as well as a dedicated budget to support these goals, but report that many respondents cited termites and heavy rains as reasons why toilets of poor quality construction would collapse. The Institute found that there is a large shortage of skilled masons that are able to build durable toilets and decided to identify and train 78 masons in one district. (Water Institute UNC, 2015).
We claim that it is highly unlikely to fulfil the requirement of having access to “safe and nutritious food” under the circumstances described above, for obvious reasons. If people do not or cannot wash their hands, they will probably not be able to work with food in a hygienic way. If they have access to food, they are likely to contaminate the food. 
[bookmark: _Toc525042483]Food stability
Funk et.al (2012) write a brief report in which they examine Ugandan rainfall and temperature trends for the last 110 years (1900-2009) using observations from 57 rain gauges and 5 air temperature stations for the two primary rainy periods of Uganda, namely March-June and June-September. The report itself is brief but it draws from a multi-year effort by the USAID Famine Early Warning Systems Network (FEWS NET) (Funk, 2012). They conclude that (i) “Both spring and summer rains have decreased in Uganda during the past 25 years” and (ii) “The magnitude of observed warming, especially since the early 1980s, is large and unprecedented within the past 110 years, representing a large (2+ standard deviations) change from the climatic norm” (p.1). 
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Figure 1. Observed (1960-2009) changes in March-June and June-September rainfall and temperature in Uganda. 
[image: ]Figure 1 shows how rainfall and temperature have changed during the past 50 years in Uganda. The dark brown area in the bottom left map is receiving 100mm less rain than before, while the reddish area in the north-east of the bottom right map is experiencing 1.5 degrees C increase in temperature, etc. 

Source: (Funk, 2012)
Figure 2 tells the story very clearly in times series form. The 2000-2009 rainfall has been, on average, about 8 per cent lower than rainfall between 1920 and 1969, with the June-September rainfall declining for more than two decades now, while the March-June decline starting a bit later. 
[bookmark: _Ref466569660]Figure 2. Smoothed 1900–2009 March–June and June–September rainfall and air temperature time series for crop-growing regions.
[image: ]
Source: (Funk, 2012).
The temperature in Uganda increased by more than 0.8 degrees Celsius (°C) on average, and up to 1.5 °C in the north east of the country. 
The authors of the report argue that “a decrease in locally produced food because of reduced crop harvests and pastures will have a significant impact on food security” (p.2). In particular, they are concerned that the warming temperatures may adversely affect coffee production, which is an important cash commodity in Uganda. They argue that “coffee plants fare poorly in areas with average air temperatures greater than 24°C” (p.2). Moreover, they are alarmed at the high population growth rate of 3.2 per cent of Uganda (CIA, 2016), which might lead to a “per capita decline in cereal production of 35 per cent by 2025” (Funk, 2012).
Food stability means that people must have access to adequate food at all times and not risk losing access to food as a consequence of sudden shocks (e.g. an economic or climatic crisis) or cyclical events (e.g. seasonal food insecurity). The trends described here convince us that Uganda does not have food stability now and that the situation may worsen in the near future. 
Statistics provided by UBOS on (i) population growth in Uganda and (ii) the prevalence of food shocks among the people of Uganda confirm the notion that food provision would become more unstable in the near future. 
[bookmark: _Ref503514814]Table 1 Ugandan population size and annual growth rates
	Census year
	Total population
	Average annual growth rate

	1911
	2466325
	

	1921
	2854608
	1.5

	1931
	3542281
	2.2

	1948
	4958520
	2

	1959
	6536616
	2.5

	1969
	9535051
	3.9

	1980
	12636179
	2.7

	1991
	16671705
	2.5

	2002
	24227297
	3.2

	2014
	34634650
	3


Source: Uganda Bureau of Statistics

Table 1 shows the population size and growth rates over time, while Table 2 shows the percentage of all households in all regions that have been experiencing food shocks. 
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Table 2 Prevalence of food shock experiences among households (%)
	
	2009/10
	2010/11
	2011/12
	2013/14
	2015/16

	National 
	54.9
	38.6
	32.3
	39.8
	26.3

	Urban-Rural
	
	
	
	
	

	Rural
	6.1
	41.8
	32.7
	45.2
	29.2

	Urban
	36.5
	22.4
	30.7
	24.2
	17.7

	Region
	
	
	
	
	

	Central
	51.8
	39.2
	32.4
	35.9
	23.5

	Eastern
	49.1
	39.3
	34.8
	37.7
	19.9

	Northern
	73
	50.7
	26.8
	46.6
	51.8

	Western
	51
	25.1
	34.5
	41.8
	17.5



The Ugandan population is growing at an alarming rate and it does not seem as if a situation of a stable food supply to all households is going to be achieved soon, especially in the northern areas. 
[bookmark: _Toc525042484]Climate change in East Africa and its likely effects on certain agricultural crops in Uganda
According to Hepworth (2010), “the Ugandan economy and the wellbeing of its population are particularly vulnerable to climate change and this is evidenced by the widespread damage and hardship imposed by regular drought and extreme rainfall events under current climate variability” (p.13).
In the modelling reported in Sections 5 and 6, we use a CGE model of Uganda to simulate a climate-change (pessimistic) scenario for the main crops of Uganda. The main inputs to the simulation are predictions from the literature on possible agricultural output changes by 2050 in different crops.
[bookmark: _Toc525042485]Bananas
According to the FAO, ‘banana is the most important food crop in Uganda and Rwanda, where the annual per capita consumption exceeds 135kg. per annum (FAO, 2013a). This amounts to 3-11 bananas per person per day, and in Uganda, the local word for bananas – matooke – means ‘food’.
According to Adhikari et al. (2015) “quantitative measures of banana yield under future climate change are limited”. The literature also differs markedly on the forecasts for future yield. Biodiversity International researched the possible effects of climate change on world banana production. Calberto, who led the study, said that by 2070 the land suitable for banana production would increase by 50%, due to warmer climates. However, according to co-author, Staver, ‘higher temperatures mean an increase in water demand of 12-15%.’  (Calberto et al. 2015, p.265). Adhikari et al. quotes Van Asten et al. (2011) who claimed that “in the East-African highlands, drought-induced yield reduction on rain fed bananas can reach up to 65% compared to wetter areas (2015). 
Similar to our Cassava forecast, we will only simulate pessimistic outlook for Bananas in our modelling simulations. 
[bookmark: _Toc525042486]Beans
According to Wortmann et al. (1998) beans are the second most important source of protein after maize in eastern and southern Africa, and the third most important source of calories after cassava and maize. Concerning the effects of climate change on soybean production, Wortmann et al. (1998) contend that rainfall variability and soil moisture, rather than rising temperature, are the crucial determining factors.

We use four sources from the literature to determine the shock to be applied to the productivity of bean production in the climate change simulation run. 

Lobell et al. (2008) used 20 General Circulation Models (GCMs)[footnoteRef:2] and projected a slight decrease of less than 5 per cent in bean production in East Africa by 2030 as compared to 1998-2002. At this rate of growth, the decrease would amount to about 10 per cent by 2050.  [2:  Numerical models representing physical processes in the atmosphere, ocean, cryosphere and land surface, used to simulate the response of the global climate system to increasing greenhouse gas concentrations.] 


Thornton et al. (2009) used the HadCM3 and ECHam4 models and the A1F1 and B1 storylines and forecast decreases of up to 20% in production of beans by 2050, in 56% of the land under bean production in East Africa. In some highland areas production could increase, but in arid and semi-arid areas production would decrease. If 56% of the crops decrease by 20%, the total decrease would amount to 11.2%. With production increasing in some areas, the overall decrease would therefore be less than 11.2%.

Tatsumi et al. (2011) used the IGAEZ[footnoteRef:3] method under the A1B storyline to estimate a decrease in bean production of 12% by 2090, while Boote et al. (1998) found a decrease of 3-10% across all the IPCC storyline scenarios towards the end of the century.  [3:  Improved Global Agro- Ecological Zones method] 


Since the estimates from Thornton, Tatsumi and Boote are similar to that of Lobell et al. we will use a productivity shock of between -3 and -10% for bean production. 
[bookmark: _Toc525042487]Cassava
Cassava is considered to be the most important product in terms of caloric intake and the most important in terms of total production in East Africa (Fermont et al., 2009). According to Jarvis et al. (2012) “the crop is more resilient to climate change due to its tolerance of high temperatures and intraseasonal drought”. In a series of model simulations, these authors concluded that cassava would perform as least as well as maize, sorghum, millet, beans, potatoes or bananas in the presence of climate changing conditions, “making it a potential candidate to ensure future food security in the region.”  

The long run forecasts of Cassava production differ vastly from each other. Lobell et al. (2008) projected a decrease of 8% in output by 2030, which would be synonymous to a 15.8% decrease by 2050. Tatsumi et al. (2011) forecast a 10% increase in Cassava yield by 2090, while IFPRI forecast increases between 40% and 100% in Uganda, Rwanda and Malawi, using the IMPACT model. 

Even though the literature differs from large decreases to large increases in Cassava production because of climate change, we have decided to model only the pessimistic forecast for Cassava and other yields. For the pessimistic forecast we will use Lobell et al. (2008), which differs from the optimistic forecast of Tatsumi et al. (2011). 
[bookmark: _Toc525042488]Coffee and Tea
Arabica coffee grows at altitudes above 1000m and prefers cool temperatures. Global warming will force coffee growers to move to higher altitudes that they are now working at, if land is available, so, according to Moat et al. (2017), by the end of this century “the current coffee-growing niche of Ethiopia could decrease by 39-59% without interventions”. This amounts to a decrease of between 14 and 20% by 2050.
Bunn et al. (2015) predict that Robusta coffee will experience a loss of 16-30% in Eastern Africa by 2050, while Arabica coffee production will decrease between 10 and 30% (p.97). Their predictions for the rest of the world are much worse for both varieties. We will use a weighted average[footnoteRef:4] of the Bunn et al. predictions for our pessimistic forecast.  [4:  Uganda coffee production consists of 57.2 % Arabica and 42.8 % Robusta, which we use as weights here.] 

The outlook for tea in Uganda looks much worse than for coffee. The International Center for Tropical Agriculture predicts that more than half of the areas used for tea production in Uganda will become unsuitable due to climate change. They do not predict the exact decrease in production, and since we are grouping coffee and tea together in our model, we implicitly make the strict assumption that tea production will decrease as much as coffee. 
[bookmark: _Toc525042489]Cotton
Although Adhikari et al. (2015) expects the productivity of cotton production to decline with climate change, they do not provide any specific predictions for it. They bemoan the fact that the quantitative analysis of future cotton production is sparse. 
The ITC (2011) did perform a world-wide study of the impact of climate change on cotton production, but is equally hesitant to provide specific numbers for predicted changes in output. Insightful conclusions coming from the ITC report are that they predict increases in the production of cotton for both China (p.14) and the United States (p.20), due to increasing temperatures and resulting longer crop seasons. In the light of these optimistic forecasts we will assume that cotton production in Uganda will not necessarily be affected negatively by climate change. We model this prediction by leaving cotton production endogenous in the model, with the implication that we do not forecast it specifically, but allow the industry to react to our model simulations.  
[bookmark: _Toc525042490]Maize
Broughton et al. (2003) consider maize to be the most important source of dietary protein and the second most important source of calories in Eastern and Southern Africa. Maize is also one of the crops for which the possible climate change impacts have been widely studied (Adhikari et al. 2015, p. 115). They conclude, “Overall, maize production will decrease under future climate scenarios, though the degree of impact differs among simulations” (p.116).
Lobell et al. (2011) found that “each degree day spent above 30°C has been found to reduce final maize yield by 1% even under optimal rainfed conditions.” Lobell and Field (2007) found that a 1°C increase above the norm would reduce the maize yield by 8.3%, while Brown (2009) contended that the number would be -10%. 
[bookmark: _Toc525042491]Millet
Adhikari et al. (2015) conclude that millet is more resilient to climate change than maize or wheat but less resilient than sorghum (p.119). We therefore use numbers between our respective pessimistic and optimistic forecasts for maize on the one hand and sorghum on the other. Millet resorts under “Other cereals” in the model and we therefore assume that the remaining small cereals would react in the same way as millet. 
[bookmark: _Toc525042492]Rice
According to Adhikari et al. (2015) the projections on future rice productivity differ among studies, but most studies predict small or insignificant changes in rice production. Lobell et al. (2008) predict a small increase by 2050 (less than 5%), Ringlet et al. (2010) predict a mere 0.24% increase for East Africa, and Tatsumi et al. (2011) predict only a small gain. In the light of these predictions we will assume that rice productivity will stay on the baseline. 
[bookmark: _Toc525042493]Rootcrops
[bookmark: _Toc525042494]Sweet potato
Uganda is the third largest producer of sweet potato in the world! (Muyinza et al. 2012 cited in Adhikari et al. 2015, p. 121). Unfortunately, the information on the future of the crop in the presence of climate change is sparse. Ringler et al. (2010) predict an increase of 1.06% by 2050, while Tatsumi et al. (2011) predict a decrease of 7% by then. Adhikari considers the studies on the topic “inconclusive”.
[bookmark: _Toc525042495]Potato
As with sweet potato there are very few studies on the impacts of climate change on potato production in Eastern Africa. Moreover, the studies differ vastly in their predictions: IFPRI forecast output to double or even triple by 2050, while Jarvis et al. predicted a decrease of 34% by 2050, and Tatsumi et al. a decrease of 8%. 
Since we have grouped all root crops together in our model, we will simulate a pessimistic outlook of -8%. 
[bookmark: _Toc525042496]Sorghum
Taylor (2003 cited in Adhikari et al. 2015, p.119) claims that sorghum has an inherent ability to resist drought and resist periods of high temperatures. Adhikari et al. conclude that “sorghum is more resilient to climate change than maize or wheat and will be minimally impacted (<5%) by the middle of this century (p. 120).”
We therefore will use a decrease of 5% in productivity as our pessimistic scenario. 
[bookmark: _Toc525042497]Wheat
Wheat is a cool season crop and “increasing temperatures shortens its growth period by accelerating phonological development, resulting in reduced yield” (You et al. 2005; Asseng et al. 2011 cited in Adhikari et al. 2015, p. 117). There is consensus in the literature that wheat has a lower optimal temperature than rice, maize, millet, cassava and sorghum (Liu et al. 2008) so that most simulation studies predict a greater impact on wheat crop yields compared to other crops on Eastern Africa. (Liu et al. 2008; Fisher 2009; Nelson et al. 2009 & Ringler et al. 2010). 
The forecasts of yield changes look quite bleak for wheat: Fisher (2009) using HadCM3 along with the A2 storyline forecasts a 63% decrease in output by 2050. CSIRO predicts a drop of 48% by 2050, while Nelson et al. (2009) only forecast a decrease of 34-36%. Tatsumi et al.’s forecast is much smaller. We will use Fisher’s forecast as our pessimistic view of wheat forecast. 
[bookmark: _Toc525042498]Livestock
Thornton et al. (2009) claim that “the intersection of climate change and livestock in developing countries is a relatively neglected research area,” and Thornton has been involved in many research articles on this topic. In one of these papers Galvin et al. (2004) studied a Maasai pastoralist community in the Ngorongoro and conclude, “rising human population along with many land tenure and land-use changes have squeezed pastoral livestock onto land areas that are too small to be sustainable for pastoral production.” Warmer temperatures bring more disease epidemics, while livestock starvation is associated with recurring droughts. Galvin et al. come to the conclusion that we experience a rising human population in east Africa who are dependent on a “stable or declining livestock population” (p.2). Since there is no consensus in the literature about the future trends in livestock production, we do not directly forecast its future growth. We let the model calculate how the livestock industry would react to the shocks we apply to other agricultural crops.  
[bookmark: _Toc525042499]Fisheries
Allison et al. (2009) studied 132 countries and found Uganda to be among the top 5% most vulnerable of all countries regarding their fisheries, but unfortunately also among the countries with the lowest adaptability potential. 
Table 3 summarises the predictions of changes in crop production due to water shortage (climate change) that are used in the modelling. The changes are expressed as once-and-for-all percentage deviations away from a no climate change control. The table shows two sets of changes – pessimistic and optimistic. Only the pessimistic changes are modelled, as our interest lies in the effects of water shortages.
[bookmark: _Ref505279015][bookmark: _Ref505279001]Table 3 Predictions for per cent changes in output 
	Crop
	Pessimistic view (simulated)
	% Shock per annum
	Optimistic view (not simulated)
	% Shock per annum

	Annual crops
	No shock
	-
	No shock
	-

	Coffee and Tea
	-30
	-0.658
	-12.6
	-0.297

	Wheat
	-63
	-1.229
	-34
	-0.734

	Maize
	-10
	-0.239
	-8.3
	-0.2

	Sorghum
	-5
	-0.122
	0
	0

	Other cereals
	-8
	-0.193
	-4
	-0.098

	Pulses
	-10
	-0.239
	-3
	-0.074

	Root crops
	-8
	-0.193
	+8
	0.193

	Cassava
	-16
	-0.372
	+10
	0.239

	Bananas (matooke)
	-5
	-0.122
	+10
	0.239

	Livestock
	No shock
	-
	No shock
	-

	Fishing
	-10
	-0.239
	0
	0


[bookmark: _Toc525042500]The model and database
We use a dynamic version of the UgAGE CGE model built by the Centre of Policy Studies. UgAGE is based on a framework adopted for models of many countries, as outlined in Dixon and Rimmer (2002) and Dixon et al. (1982). 
The theory underlying UgAGE can be divided into three parts. 
The first describes the static CGE core, including: 
· industry demands for primary factors and intermediate inputs;
· commodity supplies by individual industries;
· industry-specific demands for inputs to capital formation;
· household and other final demands for commodities;
· pricing behaviour which sets pure profits from all activities to zero;
· market clearing for primary factors and commodities; and
· the calculation of numerous macroeconomic variables, e.g. GDP, aggregate employment. 
UgAGE models the production of 95 commodities by 95 industries. Each industry produces output using a combination of intermediate commodities and factor inputs. In determining the optimal usage of inputs, it is assumed that industries minimise unit costs subject to given input prices and a nested constant returns to scale production function. Three primary factors are identified, namely labour, capital and natural resources. Capital is assumed to be sector-specific, while occupation-specific labour is perfectly mobile across industries. 
The model identifies 32 households defined by income level. Each household is modelled as a constrained maximiser of utility. Units of new industry-specific capital are cost-minimising combinations of local and foreign commodities. For all commodity users, imperfect substitutability between imported and local varieties of each commodity is assumed. The export demand for any given local commodity is inversely related to its foreign-currency price. 
The model recognises consumption of commodities by government and the details of various taxation instruments. As the default, it is assumed that all sectors are competitive and all markets clear.[footnoteRef:5] Purchasers’ prices differ from producer prices by the value of indirect taxes and trade and transport margins. All agents are assumed to be price-takers, with producers operating in competitive markets which prevent the earning of pure profits.[footnoteRef:6] [5:  Other options are available, provided that there are data to support the non-default settings. For example, if there are data on economies or diseconomies of scale in certain industries, then this can be incorporated into the database and into the theoretical structure of the model. Similarly, if there are data suggesting imperfectly competitive market conditions, then this can also be incorporated into both the data and equation structure of the model. ]  [6:  See the previous footnote.] 

The second part of the model’s theoretic structure relates to dynamics and includes two types of mechanisms:
· stock/flow accounting for the accumulation of industry-specific capital stocks via investment and depreciation; and
· lagged adjustment mechanisms in the labour market. 
Capital accumulation is industry-specific, and linked to industry-specific net investment. Changes in industry-specific investment is linked to changes in industry-specific rates of return. 
UgAGE includes a labour market mechanism that allows the labour market to move from a typical short-run scenario (employment adjust with real wage held at its baseline level) to a long-fun scenario (real wage adjust with employment held at its baseline level). With this mechanism operational in the policy simulation, short-run labour market pressures mostly manifest as changes in employment. In the long run, employment returns to baseline, with labour market pressures reflected in changes in real wages.
The third part of the model’s theoretical structure describes transfers (flows) between various entities, not described in the first two parts. These transfers are included in the SAM. To facilitate use of SAM data, UgAGE includes equations describing transfers to and from:
· 32 households; 
· 2 enterprise types (non-financial and financial enterprises); 
· the government; and
· the rest of the world (ROW). 
The intra-entity transfer data is not dependent on specific behaviour. Instead, the changes in the transfers between entities are linked to variables in the core model; for example, the transfers from the ROW to households follow nominal GDP.
The final database includes information on 95 commodities and industries (of which 13 are agricultural industries), sourced either domestically or from abroad, and sold on the local or foreign market, or transferred between entities. 
The core database is calibrated to the 2010 Supply Use Table (SUT) of Uganda. Additional information, not captured in the SUT, is taken from the 2010 Social Accounting Matrix (SAM) (Powell, 2014). The SUT and SAM data are not in the format required by the model.[footnoteRef:7] Transforming published data into the required IO format, is a laborious task that is not reported upon here[footnoteRef:8].  [7:  The model requires a core database with separate matrices for basic, tax and margin flows for both domestic and imported sources of commodities sold to domestic and foreign users. These separate matrices are not explicitly captured in the SUT. Instead they appear in an aggregate form e.g. the USE table shows the use of commodity c by user u valued at purchasers price. These values should be disaggregated into three separate matrices namely, the use of commodities valued at basic price, tax and margin flows. They then have to be disaggregated to show where these commodities are sourced from, either from the local market or imported from the ROW.]  [8:  See Roos et al. (2014) for a description of how such an IO database can be created from a SUT.] 

The following interesting aspects of the Ugandan economy are observed in the database: On the income side of GDP, the cost of capital is more than double the cost of labour. The combined shares of natural resources (agricultural land and mining reserves) and capital account for 66 per cent of all factor inputs. This means that in the years immediately following a shock to the economy, with capital and natural resources largely fixed, the economy’s generalised supply schedule is inelastic.
On the expenditure side of GDP, the largest component is private consumption, with a GDP-share of 72 per cent. Imports exceed exports, implying a deficit on trade account of 3,561 billion Shillings, nearly 9 per cent of GDP. The remaining components as a share of GDP include exports (17.8 per cent), imports (-26.6%), investment (26.5 per cent) and government consumption (9.5 per cent). 
The Ugandan economy is concentrated around services and agricultural sectors. The services sector contributes 46.6 per cent of total value added while the agricultural sector contributes 28.6 per cent. Within the service sector the largest contributor to value added is trade (11.3%), telecommunication (5.17%) and public administration (3.17%). The manufacturing industries only contribute 8.9 per cent to value added followed by construction (6.2%), utilities (2.9%) and mining (1.2%).[footnoteRef:9] In terms of agriculture, pulses (3.9%), livestock (5.2%), cassava (2.7%), maize (2.3%), root crops (1.9%) bananas (2.3%) and forestry (4.2%) contribute the most to value added.  [9:  One would have thought that with the agricultural sector contributing 28% to value added, that manufacturing industries such as textiles, meat processing, grain and bakery industries would contribute in their own right to value added via inter-sectoral linkages. However, the data suggests that most agricultural commodities, such as sorghum, cereals, pulses, rootcrops, cassava and bananas are produced for mainly private consumption by households.] 

Industry-specific results are influenced by changes in demand and supply. The cost composition of an industry assists in explaining the change in supply while the sales structure and macroeconomic mechanisms are important in explaining changes in demand. 
In the first year following a shock, capital is largely fixed in place by investments undertaken prior to the shock. It is assumed that the real wage rate is initially sluggish. Hence, immediately following a shock, any increase (decrease) in output will typically be accommodated by an increase (decrease) in employment, holding technologies unchanged. Capital-intensive industries, therefore, have little scope to adjust their output in the short-run. 
Over time, however, industries respond to a shock via capital adjustment. It is assumed that the real wage rate is flexible in the long-run, and moves to eliminate any short-run change in employment. Therefore, in the long-run, capital-intensive industries have greater scope to adjust their output relative to labour-intensive industries.
On the demand side, the initial sales structure as well as assumptions about macroeconomic variables impact on industry production in both the short and long-term. For example, if private consumption is held fixed, then there is little scope for industries selling their output to households to change their production. On the other hand, because export demand is assumed to be relatively elastic, there is much more scope for industries that are export-focussed to change their production.
Table 4 shows the share of costs for selected industries (the agricultural industries and selected manufacturing industries) in the database. The first two columns show the cost shares accounted for by intermediate inputs sourced from local or foreign markets, followed by margin cost and commodity tax. Columns 5 to 7 show the share of factor inputs in total industry cost.
[bookmark: _Ref505251080]Table 4. Cost shares for selected industries (2010)
[image: ]
Source: Authors’ calculations from the database
The costs shares show that agricultural sectors use land as an input. Land is fixed by assumption and can therefore not be substituted for other inputs given changes in relative price. The share of capital in production cost is fairly high (rows 1-13, column 6) with the average capital share for the entire agricultural sector higher than 40 per cent. The share of locally and imported intermediate inputs (column 1) is lower for the agricultural sectors (rows 1- 13) than for manufacturing sectors (row 14 – 22). For example, Table 4 shows that the meat processing industry (row 14) use 93.3 per cent of locally sourced intermediate commodities during the production process. Further investigation shows that 97.7 per cent of the domestically sourced intermediate inputs are livestock. Livestock in turn use 29.8 per cent domestically sourced intermediate inputs, mostly cassava, as feeding. Similarly, coffee production uses 67.6 per cent locally sourced coffee beans as inputs. These examples show the linkages between agricultural and manufacturing sectors. 
[bookmark: _Ref505253394]Table 5 Sales shares of selected industries (2010)
[image: ]
Source: Authors’ calculations from the database
Table 5 shows the sales structure for selected commodities over various users (columns 1 to 6), ranging from domestic producers (column 1) to households (column 3) and foreign markets (columns 4). We note that none of the selected commodities in Table 5 are used to create capital (column 2)[footnoteRef:10], are used by the government (column 5)[footnoteRef:11] or are kept as stocks (column 6). Table 5 shows that domestically produced neutrals, sorghum, other cereals, pulses, root crops, cassava and bananas are mostly consumed by households. Therefore, any negative shocks to these commodities, such as a prolonged drought, will impact households directly. Commodities such as wheat, maize and livestock are used as intermediate inputs in the grains industry and meat processing industry. Interestingly, we see that coffee beans are mainly exported while wheat sold on the local market are mainly imported. Therefore, these commodities are sensitive to changes in the real exchange rate.  [10:  Commodities such as machinery, construction and fabricated metals are used by investors to create capital.]  [11:  Commodities such as books, chemicals, general public administration, education and health are typical commodities bought by the government.] 

[bookmark: _Toc525042501]Simulation design and assumptions
Policy analysis with UgAGE requires two simulations. The first is the baseline simulation. This simulation models the growth of the Ugandan economy in the absence of a shock, such as a permanent reduction in agricultural production due to rainfall deficiency (climate change). UgAGE is used to trace out the implications of the forecast at a high level of sectoral detail. For this chapter, the baseline simulation incorporates observed national accounting data for the main macro variables[footnoteRef:12] and forecasts adopted from the International Monetary Fund (IMF) for GDP, employment and population growth.  [12:  We imposed observed data for real investments, household and public spending and exports (UBOS, 2017).] 

The second simulation is the policy simulation and incorporates all the features of the baseline simulation and now also includes the shocks reflecting the impact of climate change as a reduction in agricultural output. The results of the policy simulation are typically reported as percentage deviations away from the baseline.  We solve the model using GEMPACK (Harrison et al., 2014; Harrison and Pearson, 1996). 
The baseline simulation suggests that, given the imposed growth rates for GDP at 6 per cent per annum and employment of 3 per cent, capital grows at 5 per cent per annum. For capital to grow at 5 per cent requires annual investments of approximately 5 per cent in the medium to long-run. For all other macro variables, the annual year-on-year growth rates vary between 5 and 6 per cent. We note that throughout the simulation period, export growth exceeds imports. This is consistent with a fall in the terms of trade. Ceteris paribus, this requires real depreciation of the Ugandan Shilling. With no specific industry forecasts imposed during the baseline simulation, we expect all industries to expand over time in line with the GDP forecast. 
[bookmark: _Toc525042502]Modelling a fall in agricultural output
It is assumed for the baseline that growth in agricultural production (in the absence of climate change) is roughly in line with GDP. Given the initial value of output in the base year and the year-on-year percentage change over the simulation period, we are able to calculate the value of real output by sector over the baseline period.[footnoteRef:13]  [13:  The base year is 2010 where nominal and real value are similar. By multiplying the initial database value with the year-on-year percentage change in industry output, we are able to calculate the value of real output per year.] 

In the policy simulation we reduce the output of agricultural sectors in line with forecasts reported in Table 3. To understand how we calibrate the output shocks, consider the case of coffee. According to the baseline, the real level of coffee bean output in 2050 is projected to be 5,279 billion Shilling. According to Table 3, weather-related changes related to climate change will reduce coffee output in the long-run by 30 per cent. We assume that the long-run means 2050. Thus, we assume that the coffee output in the policy simulation in 2050 will be 30 per cent lower than in the baseline. In other words, in the policy simulation in 2050 the value of coffee production will be 3,695 billion Shilling. Given an identical starting point, but different end point we calculate that production of coffee has to grow on average by 0.89 percentage points less than in the baseline. 
Figure 3 shows the cumulative percentage changes in output for the agricultural sectors, as implemented in the policy simulation. These changes in output are forced on the model, via model-determined changes in all-factor saving technological progress in each sector. For example, to achieve 62 per cent contraction in wheat production by 2050, the model determines year-by-year the amount of technological regress (notionally attributed to climate change) sufficient to contract wheat’s supply schedule to achieve the assumed reduction in output.
[bookmark: _Ref505281189]Figure 3.  Simulated fall in output levels of selected agricultural sectors (cumulative percentage changes)

[bookmark: _Toc525042503]Results
[bookmark: _Toc525042504]Macro results
Figures 4 to 8 show results for the key macroeconomic variables, expressed as percentage deviations away from baseline values. For example, Figure 4 shows that in 2050, climate change will reduce real GDP by 4.1 per cent relative to its level in the baseline forecast.
[bookmark: _Ref505244579]

Figure 4. Real GDP and factor inputs (% deviation from baseline forecasts)

[bookmark: _Ref505244695]
Figure 5.  Real wage rate and aggregate employment (% deviations from baseline)

[bookmark: _Ref505244746]

Figure 6.  Contributions to real GDP from the income side (% deviations from baseline)

[bookmark: _Ref505244768]
Figure 7.  Real investment, private consumption and GDP (% deviations from baseline)

[bookmark: _Ref505244792]

Figure 8.  Macroeconomic trade variables (% deviations from baseline)


We use a Back of the Envelope (BOTE) model to provide the reader with an understanding of the reasons why the model gives the macroeconomic results shown above. 
[bookmark: _Toc525042505]A BOTE explanation of the Macroeconomic results
Total production in the economy is a function of capital, labour and technology: 
			(1),
where: Y is domestic output; K and L are inputs of capital and labour;  F is a homogeneous function of degree one (constant returns to scale); and A is a technology variable, with increases in A representing technological improvements (Dixon & Rimmer, 2002). 
Labour and capital are paid the value of their marginal products:
			(2)
and
			(3)
where W is the wage rate; PG is the price of grain[footnoteRef:14]; Q is the rental rate on capital; PV is the price of vehicles and Fi  is the first derivative of function F, for i=K,L. FK is a decreasing function of K/L while FL is an increasing function.   [14:  In this simple BOTE there is only one domestic industry, namely grain, and one imported commodity, namely vehicles. Consumers buy both goods while investors use both as inputs into capital production. ] 

The price deflators for consumption and investment are defined by
	    		(4)
and
			(5)
where T is the power (1+rate) of the tax on consumption; and   are positive parameters reflecting the share of grain in consumption and investment. 
From (2) to (5) we find that
		(6)
and
			(7)
where RW is the real wage and ROR is the real rate of return on capital. The price ration, , can be thought of as the economy’s terms of trade. 
We start our explanation of results using equation (7). The reduction in agricultural production imposed in the modelling (Figure 3), requires a significant deterioration in the rate of technological progress within the agricultural sector. In terms of the BOTE model, this means a reduction to the technology variable (A). In the long run, the rate of return on capital (ROR) changes little relative to baseline levels due to capital adjustment[footnoteRef:15]. Also, there is relatively little change in the terms of trade (). Thus, according to equation (7) there must be an increase in the marginal product of capital (FK). That means the K/L ratio will fall, since FK is a decreasing function of K/L. Figure 4 shows that the economy wide ratio of capital to labour does fall. In 2050, there is little change in employment, but capital is down 1.5 per cent relative to its baseline level. [15:  In our modelling we assume that following a shock capital shifts between industries to eventually eliminate the initial disturbances in rates of return. For example, if the shock increases profitability in an industry, investment will rise (relative to baseline levels). The increase in investment will lead to increased capital. Over time, capital will continue to move into the industry until the initial disturbance in rate of return is eliminated. Note, that in the simulations reported here, the shocks are not once-off, but continue through the projection period. Thus, rates of return never fully return to their baseline levels.] 

As FK increases, so FL must decrease, leading via equation (6) to a fall in the real wage rate (RW). As shown in Figure 5, at the end of the period the real wage rate is down by more than 6 per cent relative to its baseline level. The reduction in real wage induces industries to employ more labour. Accordingly, national employment moves back towards its baseline level (Figure 5). Employment never converges fully because the contractions in agricultural output are not once-off, but are imposed progressively through the simulation period. 
Equation (1) shows that with declines in A, K and L, real GDP must fall. The percentage change form of (1) is given by: 
y=a + SK *k + SL*l			(8),
where y, k and l are the percentage changes in output, capital and labour, respectively, with SK and SL the shares of capital and labour in GDP. The average shares of capital and labour over the projection period are 0.61 and 0.29. Thus, according to (8), 
y = -3.31 - (0.61)*1.5 – (0.29)*0.15  = -4.27.[footnoteRef:16] [16:  GDP comprises the cost of capital, the cost of labour, the cost of natural resources and indirect taxes net of subsidies. The combined share of natural resources and indirect taxes is 0.10. In this simulation, the stock of natural resources is held fixed and indirect taxes changes little relative to baseline levels.] 

This is close to the long-run decrease in GDP shown in Figure 4, while Figure 6 confirms this effect on real GDP in the long run, as well as the fact that the decrease in technology is the driving force behind the drop in real GDP. 
Figure 7 shows deviations in two of the main domestic expenditure components of real GDP, namely private consumption and investment (private plus public). In this simulation, public consumption is fixed to its baseline level. In each year, real private consumption falls slightly relative to real GDP, while real investment rises relative to GDP. In the modelling, private consumption is determined by a consumption function that relates nominal consumption to nominal GDP (the proxy for household income) via a fixed marginal propensity to consume. Thus nominal household consumption moves with nominal GDP. Real consumption, however, can deviate from real GDP due to changes in the price of consumption relative to the price of GDP. In this simulation, the price of consumption rises relative to the price of GDP because agricultural products (whose prices increase) have a greater representation in national consumption than in national value added.
Investment falls relative to baseline levels in line with the mild contraction in capital (Figure 4) - because the economy requires less capital, it also requires less investment to maintain the required capital. Investment falls by less than real GDP, in line with the relative changes in capital and GDP (see Figure 3).
Overall, real GDP (Y) falls by more than real Gross National Expenditure (C+I+G). Hence the net volume of trade (X-M) must deteriorate. Figure 5 shows movements away from the baseline in both exports and imports. In 2050, the volume of exports is 5.3 per cent below its baseline level, while the volume of imports is down 2.0 per cent. The deterioration in net volume of trade is accompanied by real appreciation of the Ugandan currency. Real appreciation reduces the competiveness of Ugandan products exported to world markets and competing against imports on local markets. 
In UgAGE, it is assumed that Ugandan producers face downward sloping world demand schedules for their products. In terms of a supply and demand diagram, the real appreciation causes the supply schedules for Ugandan products to shift to the left. This reduces export volumes, but also lifts the world prices at which they are sold. Thus, despite all the bad news associated with the climate change effects modelled, there is some good news with the Ugandan economy projected to experience a small improvement in its terms of trade.
[bookmark: _Toc525042506]Industry results
[bookmark: _GoBack]The UgAGE model produces results for 95 industries. In Figure 9 we show the ten industries that are affected most by the shocks to agricultural production. For each of the industries we show the percentage deviation in total production in the final year of the simulation (2050) as a black bar. Four of the industries shown in Figure 9 experience increases in production due to the modelled effects of climate change – the textiles sector (“TextilePrd”), the fabricated metal products industry (“FabMetalPrd”), the Annuals product industry (“Annuals”), and the wearing apparel sector (“WearAppPrd”). The remaining six industries are projected to experience relatively large contractions in output in 2050.	Comment by Philip Adams: I don't know what "Annuals" means when referring to an industry. Someone needs to define please.
For each of the ten industries we decompose the overall change in production into three contributing factors: (i) the local market effect, which shows the contribution of broad changes in the size of the local market; (ii) the domestic share effect, which shows the extent to which domestic activity is replaced by imports, and (iii) the export effect, which shows the contribution make by changes in exports.[footnoteRef:17]  [17:  This decomposition is referred to as the Fan decomposition, in recognition of the Chinese scholar who developed the idea while at the Centre of Policy Studies.] 



[bookmark: _Ref505252519]Figure 9. The decomposition of the winning and losing industries in 2050

Comments regarding each of the industries shown in Figure 9 are given below.
Textile products, rank 1 and Fabricated metal products, rank 2
These two industries do not use agricultural products that are directly affected by the modelled aspects of climate change. Although they lose very small parts of their local market activity (the red bars shown in Figure 9), exacerbated by increased imports that replace some domestic production (green bars), the industries gain as a result of increased exports (blue bars).
While there is a fall in total exports (see Figure 8), some industries experience increased exports as a result of declining costs of production. For the textile and metals industries, their production costs are driven primarily by wages, which fall away significantly (see Figure 5).  
[bookmark: _Toc525042507]Annuals products, rank 3
This sector has two sources of positive growth in the simulations: (i) it benefits from its intermediate linkages to textile products as an intermediate input; and (ii) increased export sales.
[bookmark: _Toc525042508]Wearing and Apparel products, rank 4
Wearing and Apparel products are significant exporters of commodities in the Ugandan context, and Figure 9 shows that increased exports is a strong driver of the increase in total output, despite decreased local activity (drops in household  and intermediate demands) and some import replacement of local production. 
[bookmark: _Toc525042509]Livestock products, 6th worst loser
Two strong forces are causing the decrease in total output of the livestock industry: (i) a decline (relative to baseline levels) in demand; and (ii) a strong decrease in foreign demand. This industry is strongly reliant upon maize, cassava and root crops for stock-feed. It is also a significant exporter, and with the higher input costs the industry becomes less competitive on world markets, so that exports decrease. 
[bookmark: _Toc525042510]Food and Beverage products, 5th worst loser
Food and Beverages is the one industry in the list of ten that we report on here which is not affected by changes in export demand. The total negative effect on the industry comes from within, namely a decrease in local demand. Local demand for food and beverages come from some intermediate demand by various industries, but mostly from household demand, which constitutes almost 90 per cent of local demand.	Comment by Philip Adams: Getting tired. Can someone clean up this paragraph.
The local market demands less food and beverages because its output price rises as a result of higher input costs. The industry is strongly linked to the whole agricultural sector which is shocked in the model simulations. 
[bookmark: _Toc525042511]Seafood products, 4th worst loser
This industry buys all of its inputs from the fishing industry, which is directly shocked in the model simulations. Its inputs become more expensive, causing a decrease in exports of the commodity, which mostly explain the total decrease in its output. 
[bookmark: _Toc525042512]Coffee products, 3rd worst loser
Coffee products are similar to seafood: it has one large intermediate input, namely raw coffee beans, which are directly affected by the shocks. Coffee production costs increase with an adverse effect on exports, which drive total output completely. 
[bookmark: _Toc525042513]Grain products, 2nd worst loser
Grain products use large proportions of maize, cassava, sorghum and other cereals as inputs into its production process, all of whom are adversely affected by the climate change simulations that we have run. The decomposition in Figure 9 shows two sources of deterioration in this industry: (i) local demand decreases, and this comes mostly from the livestock and food industries, and (ii) exports decrease as a result of higher output prices.  
[bookmark: _Toc525042514]Oils and fats products, biggest loser
Oils and fats sells to most other industries as intermediate input, but mostly to the food and beverage industry, which we have seen decreases by 3.5 per cent over the forecast period, relative to the baseline. The main factor in its decline (relative to baseline levels), however, is again exports, which decline by 9 per cent. 

[bookmark: _Toc525042515]Conclusion
Environmental and agricultural economists have forecast severe decreases in Ugandan production of coffee, wheat, maize, sorghum, other cereals, pulses, root crops and fishing. The effects of these decreases have been simulated using the UgAGE model. The modelling shows that food production will decrease by 3.3 per cent relative to baseline levels in 2050. The shocked agricultural crops form about 12 per cent of total output, and their average decline is forecast to be 16.5 per cent. That would give a direct effect of 2 per cent decrease in total output (.12*16.5). The model results show a decrease of 4.12 in real GDP, which is easily explained if we add the various indirect changes that result from the direct shocks, such as livestock (-8.6%), oils and fats products (-10.5%), seafood products (-9.8%), grain products (-10.3%), and coffee products (-9.3%), to name only a few.  
In the introduction to the paper we saw that food security consists of four elements, namely availability, access, utility and stability. The literature reports that many Ugandans are constantly without enough food to eat, throughout the country. If their population grow at 3 per cent per annum in the long-run, while agricultural production declines severely as a result of climate change, resulting in a decline in food production, then the food security position of Uganda would certainly worsen. 
At least two portions of good news comes from the model: (i) even though the ten agricultural crops decreased in production between 5 and 63 per cent below the baseline values, total food and beverage products only decreased by 3.3 per cent below the baseline, and (ii) the production of annuals, textile products and wearing apparel on the one hand, and fabricated metal products on the other, increased.
The model showed that the adverse weather conditions in the wheat industry would cause almost a total switch to imports of wheat as input into the production of grain and other products. This addresses the availability of food, to some extent. Local droughts do not necessarily mean that Uganda could not have food available; they should always be able to import food. However, access to food includes the ability to afford and buy the food. With real GDP decreasing more than four percentage points below the baseline forecast, the country is moving backwards and its citizens become worse off in the longer run, and less able to afford enough food. 
The second point of good news points, in our view, to a possible solution for the food security problem in Uganda. Annuals have been forecast by the literature not to be affected adversely by climate change. Our modelling results show a strong switch towards the production of annuals, resulting in expansions in the textile and wearing and apparel sectors. We also saw increases in fabricated metals production. Factors of production move out of the affected industries and into other industries that fare better and are able to expand. 
All of this provides an opportunity for the country and its policy makers. Uganda should rely less on agriculture and diversify its production activities to include other crops that are less vulnerable to climatic changes, and stimulate the manufacturing industry. 
What about the rain on Victoria Lake? We do not have irrigated agriculture as a separate industry in our model, and hence we did not include the amount of rain directly into the modelling simulations. Further research could be done by splitting the agricultural sector into irrigated agriculture and dryland agriculture, and specifically adding water supply and use data to the model. We could then repeat the simulations done but allow the model to switch from dryland to irrigate agriculture under conditions of severe drought. 
Uganda has access to ample water from its lakes and rivers, but a very insignificant part of the country is connected to these water resources through pipes and formal infrastructure. Apart from the diversification of industry, the government would make the citizens much less vulnerable to climate change effects if the water infrastructure is developed.  All four aspects of food security would be addressed and improved in this case. 
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Technology contribution	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-6.7156999999999994E-2	-0.14097100000000001	-0.22289600000000001	-0.31133100000000002	-0.41001700000000002	-0.51701399999999997	-0.62887999999999999	-0.74068599999999996	-0.85123000000000004	-0.95933999999999997	-1.0649850000000001	-1.1688259999999999	-1.270365	-1.369478	-1.4660820000000001	-1.5601389999999999	-1.6516550000000001	-1.7406729999999999	-1.827264	-1.911521	-1.9935529999999999	-2.073483	-2.1514359999999999	-2.2275420000000001	-2.3019289999999999	-2.3747280000000002	-2.446059	-2.5160439999999999	-2.584797	-2.6524230000000002	-2.7190259999999999	-2.7846989999999998	-2.8495309999999998	-2.9136030000000002	-2.9769920000000001	-3.0397690000000002	-3.1019960000000002	-3.1637330000000001	-3.2250369999999999	-3.2859539999999998	Primary factor contribution	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-2.1521000000000012E-2	-3.7726999999999983E-2	-4.5645999999999992E-2	-5.3499999999999992E-2	-4.1931999999999969E-2	-5.0018000000000007E-2	-3.7685999999999997E-2	-2.5877000000000039E-2	-1.644000000000001E-2	-9.8989999999999911E-3	-8.2709999999999173E-3	-9.7830000000000972E-3	-1.4498000000000122E-2	-2.2242000000000095E-2	-3.2867999999999897E-2	-4.6256000000000075E-2	-6.22609999999999E-2	-8.0733000000000166E-2	-0.1015299999999999	-0.12448900000000007	-0.149451	-0.17625599999999997	-0.20475300000000018	-0.23479899999999976	-0.26624399999999993	-0.2989569999999997	-0.33280200000000004	-0.36765399999999993	-0.40341199999999988	-0.43996199999999996	-0.4772050000000001	-0.5150560000000004	-0.55342800000000025	-0.59224399999999999	-0.63143400000000005	-0.67093599999999975	-0.71068199999999981	-0.75062000000000006	-0.79069700000000021	-0.83087000000000044	realGDP	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-8.8678000000000007E-2	-0.178698	-0.268542	-0.36483100000000002	-0.45194899999999999	-0.56703199999999998	-0.66656599999999999	-0.76656299999999999	-0.86767000000000005	-0.96923899999999996	-1.073256	-1.178609	-1.2848630000000001	-1.3917200000000001	-1.49895	-1.606395	-1.713916	-1.8214060000000001	-1.9287939999999999	-2.0360100000000001	-2.1430039999999999	-2.2497389999999999	-2.3561890000000001	-2.4623409999999999	-2.5681729999999998	-2.6736849999999999	-2.778861	-2.8836979999999999	-2.9882089999999999	-3.0923850000000002	-3.196231	-3.2997550000000002	-3.4029590000000001	-3.5058470000000002	-3.6084260000000001	-3.7107049999999999	-3.812678	-3.9143530000000002	-4.0157340000000001	-4.1168240000000003	



Consumption (private)	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-9.9021999999999999E-2	-0.20830899999999999	-0.31726500000000002	-0.443969	-0.54508500000000004	-0.70706599999999997	-0.83648900000000004	-0.96328599999999998	-1.0876410000000001	-1.208126	-1.3296049999999999	-1.4504349999999999	-1.5702970000000001	-1.6890309999999999	-1.8065519999999999	-1.922809	-2.0377969999999999	-2.1515309999999999	-2.2640449999999999	-2.375381	-2.485589	-2.5947249999999999	-2.7028470000000002	-2.8100200000000002	-2.9163009999999998	-3.0217450000000001	-3.1264110000000001	-3.2303570000000001	-3.3336380000000001	-3.4363039999999998	-3.538402	-3.6399699999999999	-3.7410580000000002	-3.8417020000000002	-3.9419369999999998	-4.0417959999999997	-4.1413120000000001	-4.2405189999999999	-4.3394329999999997	-4.4380899999999999	Investment (private and public)	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-1.4985E-2	-3.4478000000000002E-2	-6.2465E-2	-3.9306000000000001E-2	-8.8156999999999999E-2	-6.2085000000000001E-2	-9.2836000000000002E-2	-0.126086	-0.16476199999999999	-0.20910100000000001	-0.25467099999999998	-0.30265300000000001	-0.35288799999999998	-0.40515200000000001	-0.459235	-0.51492499999999997	-0.57203000000000004	-0.63036099999999995	-0.68976000000000004	-0.75007000000000001	-0.81115899999999996	-0.87291300000000005	-0.93523199999999995	-0.99802999999999997	-1.0612159999999999	-1.124735	-1.1885269999999999	-1.2525360000000001	-1.3167199999999999	-1.381038	-1.4454629999999999	-1.5099590000000001	-1.5745020000000001	-1.6390610000000001	-1.7036249999999999	-1.76817	-1.8326659999999999	-1.897111	-1.961473	-2.0257499999999999	real GDP	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-8.8574E-2	-0.17848	-0.268237	-0.36443799999999998	-0.45157900000000001	-0.56628100000000003	-0.66573800000000005	-0.76568999999999998	-0.86679300000000004	-0.96839500000000001	-1.072441	-1.1778299999999999	-1.2841290000000001	-1.3910290000000001	-1.498316	-1.605818	-1.7133929999999999	-1.8209500000000001	-1.928396	-2.0356740000000002	-2.142725	-2.2495210000000001	-2.3560300000000001	-2.4622359999999999	-2.5681180000000001	-2.6736789999999999	-2.778905	-2.8837969999999999	-2.988356	-3.0925850000000001	-3.1964839999999999	-3.3000539999999998	-3.4033039999999999	-3.506237	-3.6088550000000001	-3.7111679999999998	-3.8131849999999998	-3.914895	-4.016311	-4.1174299999999997	



Imports	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-1.7817E-2	-3.4439999999999998E-2	-5.2288000000000001E-2	-4.8330999999999999E-2	-8.2174999999999998E-2	-8.2694000000000004E-2	-0.105604	-0.13362099999999999	-0.16690099999999999	-0.20524899999999999	-0.24584500000000001	-0.28907699999999997	-0.33458399999999999	-0.382102	-0.43138799999999999	-0.482242	-0.53446499999999997	-0.587897	-0.64238799999999996	-0.69779400000000003	-0.75400299999999998	-0.81090200000000001	-0.86839900000000003	-0.92641399999999996	-0.98486600000000002	-1.0436859999999999	-1.102813	-1.1621919999999999	-1.2217750000000001	-1.2815110000000001	-1.3413539999999999	-1.401267	-1.461209	-1.5211509999999999	-1.581059	-1.640897	-1.700631	-1.7602439999999999	-1.8196950000000001	-1.8789670000000001	Exports	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2034	2035	2036	2037	2038	2039	2040	2041	2042	2043	2044	2045	2046	2047	2048	2049	2050	-0.102494	-0.16162699999999999	-0.21379699999999999	-0.24746899999999999	-0.31665900000000002	-0.31177300000000002	-0.33657500000000001	-0.38018400000000002	-0.44072499999999998	-0.51979299999999995	-0.608788	-0.70832700000000004	-0.81713899999999995	-0.934334	-1.0591729999999999	-1.190985	-1.329159	-1.4731449999999999	-1.6224369999999999	-1.776537	-1.9350039999999999	-2.0974330000000001	-2.2634500000000002	-2.4327030000000001	-2.60486	-2.779614	-2.9566919999999999	-3.1358269999999999	-3.3167559999999998	-3.4992519999999998	-3.6831070000000001	-3.8681130000000001	-4.0540779999999996	-4.2408169999999998	-4.4281629999999996	-4.6159670000000004	-4.8040779999999996	-4.9923539999999997	-5.1806429999999999	-5.3688260000000003	



1 LocalMarket	TextilePrd	FabMetalPrd	Annuals	WearAppPrd	Livestock	FoodBevSrv	SeafoodPrd	CoffeePrd	GrainPrd	OilsFatsPrd	-0.18	-0.94	3.08	-3.01	-5.57	-3.74	-3.07	-1.73	-7.54	-2.76	2 DomShare	TextilePrd	FabMetalPrd	Annuals	WearAppPrd	Livestock	FoodBevSrv	SeafoodPrd	CoffeePrd	GrainPrd	OilsFatsPrd	-0.31	-1.8	-0.57999999999999996	-2.2599999999999998	2.82	-0.26	2.5299999999999998	1.94	1.0900000000000001	-0.02	3 Export	TextilePrd	FabMetalPrd	Annuals	WearAppPrd	Livestock	FoodBevSrv	SeafoodPrd	CoffeePrd	GrainPrd	OilsFatsPrd	6.4	8.3800000000000008	2.82	9.2100000000000009	-6.77	0.48	-10.55	-10.42	-4.91	-8.9600000000000009	4 Total	TextilePrd	FabMetalPrd	Annuals	WearAppPrd	Livestock	FoodBevSrv	SeafoodPrd	CoffeePrd	GrainPrd	OilsFatsPrd	5.91	5.64	5.32	3.93	-9.52	-3.53	-11.09	-10.220000000000001	-11.35	-11.74	
25
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              Cost item 

Industry

Intermediate 

(domestic)

Intermediate 

(imported)

Margin

Commodity 

tax

Labour Capital Land Total

1     

Neutrals 7.3 6.1 2.9 0.6 19.0 38.4 25.6 100

2     

Annuals 7.3 2.9 3.6 0.0 17.5 40.9 27.7 100

3     

Cofteaoth 4.0 9.7 2.4 0.9 14.1 41.3 27.5 100

4     

Wheat 5.9 17.6 5.9 0.0 23.5 29.4 17.6 100

5     

Maize 5.8 5.0 2.5 0.6 10.5 45.3 30.2 100

6     

Sorghum 4.9 1.6 1.1 0.0 20.2 43.2 29.0 100

7     

Other Cereals 3.2 2.7 0.9 0.5 1.4 54.5 36.4 100

8     

Pulses 10.0 8.8 3.6 0.8 9.1 40.5 27.1 100

9     

Rootcrops 8.8 4.0 1.3 0.3 4.8 48.4 32.5 100

10   

Cassava 10.5 3.0 1.3 0.2 1.7 49.9 33.3 100

11   

Bananas 17.4 1.4 6.3 0.2 7.1 40.6 27.0 100

12   

Livestock 29.8 4.5 3.7 0.5 6.6 32.9 22.0 100

13   

Forestry and Logs 1.6 4.6 1.1 0.2 12.7 45.5 34.3 100

14   

Meat products 93.3 0.6 1.2 0.0 1.5 3.5 0 100

15   

Seafood products 56.2 0.7 7.4 0.0 10.8 24.9 0 100

16   

Oils and Fat products 67.0 4.2 11.9 0.4 4.8 11.3 0 100

17   

Grain products 60.4 18.7 10.6 0.2 3.0 7.0 0 100

18   

Bakery 54.2 14.4 7.8 2.0 6.5 15.0 0 100

19   

Bakery products 38.3 29.9 5.7 1.5 13.8 10.5 0 100

20   

Coffee products 67.6 5.7 3.8 0.0 0.0 22.9 0 100

21   

Textile products 52.6 4.4 11.7 0.7 4.4 27.0 0 101

22   

Wearing appare; 18.0 20.2 6.3 2.0 7.0 46.3 0 100
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               User    

Commodity

Intermediate Investment Household Exports Government Stocks Total

1     

Neutrals 36.7 0.0 51.3 12.0 0.0 0.0 100

2     

Annuals 74.5 0.0 0.7 24.8 0.0 0.0 100

3     

Cofteaoth 24.1 0.0 1.6 74.4 0.0 0.0 100

4     

Wheat 100.0 0.0 0.0 0.0 0.0 0.0 100

5     

Maize 73.3 0.0 18.9 7.8 0.0 0.0 100

6     

Sorghum 19.1 0.0 76.5 4.4 0.0 0.0 100

7     

OthCereals 15.5 0.0 80.5 4.1 0.0 0.0 100

8     

Pulses 23.4 0.0 69.9 6.8 0.0 0.0 100

9     

Rootcrops 25.6 0.0 72.7 1.7 0.0 0.0 100

10   

Cassava 46.4 0.0 53.2 0.4 0.0 0.0 100

11   

Bananas 16.4 0.0 82.2 1.4 0.0 0.0 100

12   

Livestock 53.0 3.2 31.9 7.1 0.0 4.7 100

13   

ForetryLogs 56.7 0.0 43.2 0.1 0.0 0.0 100

14   

MeatPrd 28.8 0.0 69.0 2.2 0.0 0.0 100

15   

SeafoodPrd 11.1 0.0 63.6 25.6 0.0 0.0 100

16   

OilsFatsPrd 33.0 0.0 51.8 15.2 0.0 0.0 100

17   

GrainPrd 12.4 0.0 80.7 6.9 0.0 0.0 100

18   

Bakery 4.6 0.0 83.0 12.4 0.0 0.0 100

19   

SugarPrd 6.6 0.0 76.9 16.5 0.0 0.0 100

20   

CoffeePrd 11.4 0.0 16.2 73.3 0.0 0.0 100

21   

TextilePrd 32.8 0.0 28.5 38.0 0.0 0.0 100

22   

WearAppPrd 1.1 0.0 70.6 28.5 0.0 0.0 100
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