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Executive summary 

In this report, I describe a model which simulates the development over many decades of the population 

growth, GDP growth, food demand, crop production (and trade), and water use in Pakistan. The model 

comprises several sub-models dealing with the individual aspects of population growth, GDP growth, food 

demand, agricultural production (including main imports and exports), water availability, water use in 

irrigation, hydropower production and energy use in groundwater pumping. While each sub-model is simple, 

combined they are complex.  

The use of the model is described via a demonstration which simulates the development of Pakistan from 

1960 to 2050. The input data and parameters are described in detail. The demonstration is not calibrated to 

fit the observed data optimally; in a complex model of this type there is unlikely to be a unique best-fit set of 

parameters. Rather, it is a plausible set of parameters. The demonstration simulates reasonably well a large 

number of different macro-level effects from population growth to GDP growth, from food demand to food 

production, from river flow to water use.  

The model is suited to exploring the relative importance of a wide range of biophysical and policy impacts, 

including population and poverty policy, economic growth impacts, food and agricultural policies, water 

allocation (including to the environment, as indicated by flows to the delta), climate change, and dam 

sedimentation. It is also well suited to the exploration of uncertainty in all of those aspects.  
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1 Introduction 

1.1 Background: purpose and scope of the model 

Pakistan already experiences a low availability of water per capita, and population growth will present great 

challenges for the future availability and use of water (Kirby et al., 2017, and the references therein). (Note: 

here and below, where for brevity reference is made to Kirby et al., 2017, it should be taken to include the 

references in that paper, which reviewed a wide range of issues in water security in Pakistan.) Irrigation 

which is the major user of water, and water security thus has implications for food security (Kirby et al., 

2017). Climate change might also affect the future availability and use of water (Ahmad et al., in 

preparation). Of particular concern is the increasing dependence on groundwater, the use of which may be 

unsustainable (Kirby et al., 2017). 

There are many potential solutions to address these challenges, though perhaps none can alone offer a 

complete solution; it appears likely that a combination of solutions will be needed (Kirby et al., 2017). While 

there are many studies addressing individual aspects, evaluating the relative impact of the many potential 

solutions and the combined potential impact of climate change is complex.  

The purpose of the model described in this report is to help develop insights into the prospects of different 

solutions, whether alone or in combination. The model simulates the combined impact of many processes 

relevant to the water and food security of Pakistan. Here, we describe the model, and an example of its use 

to simulate the development of population, GDP, water and food security in Pakistan from 1960 to 2050.  

Agriculture is one area of focus for solutions. The potential solutions include increasing the yield of crops, 

particularly the yield per unit of applied irrigation water; Pakistan is generally regarded as having low yields 

(Kirby et al., 2017). Another set of solutions is growing a smaller area of high-water using crops such as 

cotton and rice, and greater areas of lower water using (and more nutritious) crops such as legumes. 

However, there are economic implications to such changes because cotton, a major crop, is almost all 

exported, and about half the rice is exported; on the other hand, much of the legumes consumed in Pakistan 

are imported (Kirby et al., 2017). The model therefore includes a description of crop production in irrigation, 

and aspects of trade in crops.  

Reducing the rate of population increase would also help lessen the difficulty of providing future water 

security. As pointed out by Kirby (2021, submitted), reducing population growth could in principle be 

achieved in association with poverty reduction and a greater rate of increase of per capita wealth. Greater 

wealth itself could in principle provide part of the solution, since it could enable more imports of food and 

less reliance on domestically produced food and hence local water supply. The model therefore includes 

aspects of economic growth and population growth in Pakistan. It also includes the interactions between 

economic growth and population growth, poverty, and the demographic dividend resulting from reduced 

birth rates which in turn reduce the ratio of dependents to productive workers in the population.  

Another focus for potential solutions is water resources management: more water storage dams, more or 

more efficient irrigation canals, and reducing the incidence of waterlogging and salinity. A particular concern 

is sedimentation which is reducing the storage capacity of dams (Roca, 2012; Khan et al., 2012; Raza et al., 

2015), which Archer et al., (2010) considered is likely to have greater impacts on future water availability in 

the Indus than climate change. The model includes a simple description of the hydrology in the Indus Basin 

including glacier and snow behaviour in the Upper Indus Basin, water storage and dam sedimentation, and 

irrigation in mid and lower parts of the Basin. This part of the model, coupled with the crop production and 
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irrigation parts of the model, is also suited for exploring the impacts of climate change, both in terms of 

water supply in the Upper Indus Basin and in terms of irrigation demand in the mid and lower parts of the 

Basin. 

1.2 Integrated models of the Indus Basin 

Kirby and Ahmad (2015) reviewed the application of integrated hydrology economic models to developing 

countries, with a particular focus on Pakistan. They noted that few models deal with the whole Indus basin. 

Here, we briefly review models that can simulate many of the aspects noted in the previous section for the 

whole basin. 

The IBM (O’Mara and Duloy, 1984) and IBMR (Ahmad et al., 1990; Yu et al., 2013; Yang et al. 2013, Yang et 

al., 2016) are used to optimise surface water and groundwater allocations to irrigation, subject to availability. 

The surface water component is a node network model which deals with the storage and flow of water 

through a network of linked reservoirs, river reaches and diversions for irrigation and other use. The 

groundwater component is modelled by a simple representation of groundwater recharge and withdrawals 

to a shallow, unconfined aquifer. The IBMR is an optimising single year model of water allocation. It does not 

deal with population growth (or its links to poverty and the demographic dividend), nor aspects of the wider 

economy such as GDP growth and the export and import of some crops or foods.  

The IBM and IBMR have been used in several studies other than those of O’Mara and Duloy (1984), Yu at al. 

(2013) and Yang et al. (2013). Ahmad and Kutcher (1992) modified the IBM to include salt balances in the 

groundwater, and used it to investigate how water allocations and other policies (including infrastructure 

improvement) might combat waterlogging and salinity in the Indus Basin. The IBMR has been used to 

investigate the impacts of climate change (Leichenko and Wescoat, 1993; Yang et al., 2014; Yang et al., 

2016), crop pricing policy (Hai, 1995), salinity management projects (Rehman et al., 1997), the raising of the 

Mangla Dam (Alam and Olsthoorn, 2011). 

The CGE (Yu et al, 2013) and CGE-W (Robinson and Gueneau, 2014) are computable general equilibrium 

models of the Pakistan economy. The Yu et al (2013) CGE model is a single year model that uses the crop 

production and crop area results of the IBMR model as input and is a precursor to the CGE-W model. The 

two models in combination simulate the impact on the Pakistan economy of a change to water availability, 

with Yu et al., (2013) studying several scenarios including climate change, new storages, and improving crop 

technologies and yields.  

The CGE-W comprises several sub-models which are linked within a single automated framework (Robinson 

and Gueneau, 2014). A computable general equilibrium model first assesses various factors including 

allocation of land to crops; a water demand model then calculates the water demand for crops, industry and 

households; the demand is then used in a hydrology model to partition the water amongst crops and 

regions; a water stress model uses the water partitioned to each crop and region to allocate water amongst 

crops in a region according to the economic value of each crop, and it also calculates yield stresses resulting 

from too little water; finally, the computable general equilibrium model is solved a second time with the new 

allocation of land to crops. The overall model runs through this sequence for each year of a multi-year 

simulation. The hydrology model (the Regional Water System Model) is a derivative of the IBMR, but without 

the economic component (Robinson and Gueneau, 2014). The overall model simulates the impact on the 

Pakistan economy of a change in water availability. Robinson and Gueneau, (2014) analysed the impact of 

commissioning of a new dam (the Basha dam).  

The CGE and CGE-W models do not deal with population growth or its links to poverty and the demographic 

dividend. They are also complex models which require a great many inputs to be specified, and require 

considerable time and effort to develop scenario simulations.  
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A WEAP model of the Indus basin has been used to analyse the impact of population growth on water 

demand (Hassan et al., 2019), and potential management responses including reservoir operations (Rafique 

et al., 2020). This model does not include food security or economic aspects. Rafique et al. (2020) did not 

consider sedimentation in their analysis. 

The above models are all examples of fairly intensive numerical models with a fairly detailed representation 

of the hydrology of the Indus Basin. A different approach was taken by Yokomatsu et al. (2020), who 

developed a dynamic model of Pakistan based on three regions and three industry sectors (agriculture, 

manufacturing and services). The output of the industry sectors is described by production functions, with 

the output of the agricultural sector depending upon the water supply from rainfall, surface water from 

rivers, and groundwater. Yokomatsu et al. (2020) used the model to examine the impact of droughts on the 

value of water and on GDP.  

The model described in this report is based on a blend of several approaches. It uses ideas from the unified 

growth theory, a long-run development model of population and GDP growth due to Galor (2005, 2010, 

2011), which also incorporate the effects of inequality. The GDP growth aspect of these models is 

augmented by a three-sector economy approach similar to that taken by Yokomatsu et al. (2020) to examine 

the impact of drought in Pakistan. Both the Galor unified growth theory and the model of Yokomatsu et al. 

(2020) use production functions to evaluate economic outputs. Allen et al. (1998) described a widely used 

approach to modelling crop production and water use, and this approach is often linked to river models (eg 

Kirby et al., 2013). The river model described here is conceptually similar to that of the Murray-Darling Basin 

described by Kirby et al. (2013), except that we here add snow and glacier dynamics and divide the Indus 

Basin into many fewer catchments than Kirby et al. did for the Murray-Darling Basin. The model also 

incorporates simple expressions for groundwater use, hydropower generation and the energy required for 

groundwater use, features that are also present in the models of Yang et al. (2016), Hassan et al. (2019) and 

Rafique et al. (2020). Unlike the model of Rafique et al., the present model includes sedimentation of the 

water storages.  

1.3 Structure of this report 

In section 2 of the report, we give a brief overview of the structure of the model. Section 3 then describes 

the various sub-models, including the equations for each sub-model. Sections 4 and 5 describe the 

application of the model to the simulation of the development of population, GDP, water and food security 

in Pakistan from 1960 to 2050. Section 4 gives a plausible set of model input parameters (noting that with a 

complex model there is unlikely to be a unique set of parameters which result in a best-fit calibration) and 

also the time-series inputs of climate and installed hydropower capacity. Section 5 describes the outputs of 

the simulation. In section 6, we conclude with a critique of some features of the model, and a discussion the 

potential of the model to examine future water and food security scenarios in Pakistan. 
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2 Overall structure of the population growth, 
GDP growth, water security and food security 
model 

The integrated population growth, GDP growth, water security and food security model has many sub-

models, each relatively simple, but complex in combination. Figure 1 gives a schematic picture of the overall 

structure of the model. In this section, we briefly describe the links between the main components. In the 

next section, we describe each of the sub-models in more detail.  

1. The population – GDP link. In the model, population growth and GDP growth are modelled on an annual 

cycle. The population comprises an urban population and a rural population. The urban population supplies 

labour to manufacturing and services industries. The rural population supplies labour to agriculture. The 

output of these three sectors gives the overall GDP. As the population grows, so too does the labour supply 

and hence the three sectors of the economy; economic growth also results from capital and knowledge 

inputs. With population growth, there is also migration from the rural to the urban areas, hence the urban 

and rural populations grow at different rates, as do the three sectors of the economy. The population growth 

rate is a function of per capita wealth, and hence is related to GDP growth. 

The population is characterised by a distribution of wealth. Some features in the model, such as food 

demand and the population growth rate are partly mediated by the distribution of wealth.  

The sub-models describing the population – GDP link are described in sections 3.1 and 3.2 below.  

2. The population – food – agriculture link. Population growth, food demand and agricultural production are 

modelled on an annual cycle. The population demands food (with poor people demanding less and wealthy 

people demanding more), which is supplied by major crops (minor crops are not considered in the model). 

Cotton is also grown for export as a fibre. As the population grows, so too does the food requirement, and 

hence the area of crops to be grown. The demand for food rises further with increasing per capita wealth.  

As the economy, and hence per capita wealth grow, this places a further requirement to increase the area of 

crops. However, crop yields also increase with time, dampening the growth in cropped area.  

The sub-models describing the population – food – agriculture link are described in sections 3.3 and 3.4 

below.  

3. The agriculture – water link. Crop demand for water and the supply of water are modelled on a monthly 

cycle. This part of the model cycles twelve times for every increment of population, GDP, food demand and 

crop area noted above. The crops and irrigation supply are modelled as two regions, a mid-basin region and 

a lower basin region (broadly simulating the Punjab / KP and Sindh / Balochistan). In the mid and lower 

basins, the irrigation requirement is related to the climate (based on records), with rain (based on records) 

supplying part of the irrigation requirement. The irrigation requirement after the rain is accounted for is 

supplied in the first instance from rivers, with a simple rule governing the allocation of water between the 

mid and lower basins. A single large dam (with a capacity equal to that of Tarbela and Mangla combined) 

regulates the inflows from two large mountainous and glaciated catchments, to provide water for the 

irrigation areas downstream. When the demand for irrigation water cannot be met from the river and dam, 

the deficit in the mid basin is made up from groundwater. The upper, glaciated catchment receive monthly 

precipitation, based on measured records. An environmental water demand at the delta must also be met, if 

feasible. 
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Figure 1. The overall structure of the population growth, GDP growth, water security and food security model. Solid 

lines represent a supply, whereas dashed lines represent a demand.  

In the model, annual food shortages barely arise (leaving aside the systemic inadequate supply to poor 

people). Water shortages in the mid-basin region are made good with groundwater. Kirby et al. (2017) 

pointed out that despite concerns over unsustainable use of groundwater, Pakistan has for some decades 

used ever more groundwater to supply an ever larger area of crops, with no sign of the trend abating. The 

model is consistent with this behaviour. A shortfall in river water supply can lead to lower crop areas in the 

lower basin, and hence a modest shortfall in crop production at the national level. Note that while the use of 

groundwater is not limited in modelling the historical scenario, its use can be limited in future scenarios.  

The sub-models describing water supply and irrigation water use in the agriculture – water link are described 

in sections 3.5 and 3.6 below.  

4. Water – energy link. Hydropower production and the energy requirement of groundwater pumping are 

also calculated in the model. The sub-models describing the water – energy link are described in section 3.7 

below 
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3 Sub-models in the overall integrated model 

3.1 Population – GDP sub-models 

The basic population – GDP growth model was described in detail by Kirby (2021, submitted). Here we give a 

brief summary. In the model, population growth and GDP growth co-evolve; each is dependent on the other. 

Kirby (2021, submitted) developed three variants, in the first of which population growth was related to the 

average GDP per capita. In the second variant, the population growth was related to the distribution of GDP 

per capita from the rich (who had a smaller population growth rate) to the poor (with a higher population 

growth rate). In the third variant, population growth was related to the relative sizes of the working 

population and the young and old non-working dependants. In the first two variants, GDP growth was 

related to the growth in population. In the third variant, GDP growth was related to the growth in the 

working age population. Kirby (2021, submitted) compared the three variants in exploring some scenarios: 

that is beyond the scope of this report. 

3.1.1 Components of GDP 

The basic model with its three variants is used here. However, rather than modelling GDP as a single 

quantity, it is modelled as three components, manufacturing, services and agriculture. Each component is 

calculated from a Cobb-Douglas production function in the form: 

𝑌 = 𝐴𝛼  . 𝐾𝛽 . 𝐿𝛾            (1) 

where Y is output (ie manufacturing, services or agriculture), A is total factor productivity, K is capital inputs, 

L is labour inputs, and ,  and  are constants.  is generally taken as 1, and this value will be used in this 

report. In the manufacturing and service sectors, the labour input is related to the urban population only. In 

the agricultural sector, the labour input is related to the rural population only. The relation between the 

urban and rural population is specified below. Here, I use the production function in an incremental form:  

𝑌𝑡+∆𝑡/𝑌𝑡  =   (𝐴𝑡+∆𝑡
𝛼 /𝐴𝑡

𝛼)  .  (𝐾𝑡+∆𝑡
𝛽

/𝐾𝑡
𝛽

 )  .  (𝐿𝑡+∆𝑡
𝛾

/𝐿𝑡
𝛾

 )        (2) 

hence  

𝑌𝑡+∆𝑡 =   𝑌𝑡+∆𝑡  . 𝐴′ . 𝐾′ . 𝐿′         (3) 

where the output, Y, of a sector at time t + t is evaluated from the output at time t and the increment over 

the timestep of the total factor productivity (A′), capital (K′) and labour (L′) inputs. In the case of A′ and K′, 

these are constants a little greater than 1, representing the annual growth in total factor productivity and 

capital.  

𝐿′ =   (𝐿𝑡+∆𝑡
𝛾

/𝐿𝑡
𝛾

)  is calculated from the labour input at times t and t + t. The labour inputs are assumed to 

be in direct proportion to the urban or rural population (for the manufacturing and services sectors, or the 

agriculture sector, respectively), and hence 

𝐿′ =   (𝑃𝑡+∆𝑡
𝛾

/𝑃𝑡
𝛾

)          (4) 

where P is the urban or rural population, which grows according to one of the models described below.  

Finally, the overall GDP is calculated as the sum of the three components: 

𝐺𝐷𝑃 = 𝑌𝑚 + 𝑌𝑠 + 𝑌𝑎           (5) 
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where m, s and a indicate manufacturing, services or agriculture. The component outputs, Ym, Ys, and Ya, and 

the GDP are treated as index values, such that GDP in 1960 = 100. 

3.1.2 Population growth, simple model 

As discussed in more detail by Kirby (2021, submitted), the annual population growth rate of Pakistan has 

varied with time and hence also varied with GDP per capita, as shown in Figure 2. The form of the curve 

presumably arises because, with rising GDP per capita, death rates start to fall, perhaps as a result of better 

nutrition and health care. Then, with further increases in per capita wealth, birth rates fall, perhaps as a 

result of household preferences as suggested by Galor (2005, 2010, 2011). The fitted function shown in 

Figure 2 is given by: 

𝑃𝐺𝑅 =  𝑒𝑥𝑝(ln 𝑃𝐺𝑅1𝑏 + 𝑃𝐺𝑅1𝑐 . (ln 𝑃𝐺𝑅1𝑎 − ln 𝐺𝐷𝑃𝑐𝑎𝑝)) − 𝑃𝐺𝑅1𝑒 ,  

𝐺𝐷𝑃𝑐𝑎𝑝 <  𝑃𝐺𝑅1𝑎   (6a)  

𝑃𝐺𝑅 =  𝑒𝑥𝑝(ln 𝑃𝐺𝑅1𝑏 + 𝑃𝐺𝑅1𝑑 . (ln 𝐺𝐷𝑃𝑐𝑎𝑝 −  ln 𝑃𝐺𝑅1𝑎)) − 𝑃𝐺𝑅1𝑒 ,  

𝐺𝐷𝑃𝑐𝑎𝑝 ≥  𝑃𝐺𝑅1𝑎   (6a)  

where PGR is the population growth rate, GDPcap is the GDP per capita, and PGR1a to PGR1e are constants 

describing the slopes and intercepts of a pair of straight lines in ln (PGR) – ln (GPD/capita) space, one for the 

rising part of the curve, the other for the falling part. PGR1e is a small offset to allow PGR to take on negative 

values (ie to allow for a shrinking population in the distant future). 

 

Figure 2 Population growth rate as a function of GDP per capita. GDP is given as an index (with 1960 = 100) divided by 

the population in millions. Source: Kirby (2021 submitted) based on GDP data from PBS (2020a) and the median 

population projection of UN (2019). The dotted line is a fitted function (see text for explanation).  

In the first variant of the population – GDP growth model, the function shown as the dotted line in Figure 1 is 

used to calculate the population growth rate from the average GDP per capita (with GDP as an index, with 

GDP in 1960 = 100). The population is calculated from  

𝑃𝑡+∆𝑡 = 𝑃𝑡  (1 + 𝑃𝐺𝑅)           (7) 

3.1.3 Population growth, inequality model 

In the second variant (Kirby 2021 submitted), the share of wealth in each percentile of the population at 

each timestep is calculated from the GDP and the function fitted to the Lorentz curve in Figure 3a. The 

function is given by 



 

16 

 

𝐼𝑛𝑐𝑜𝑚𝑒𝑆ℎ𝑎𝑟𝑒 = 𝐿𝑧𝐴 . 𝑃𝑜𝑝𝑆ℎ𝑎𝑟𝑒 + (100 − 𝐿𝑧𝐴) . 𝑃𝑜𝑝𝑆ℎ𝑎𝑟𝑒𝐿𝑧𝐵   

where IncomeShare is the cumulative share of income for the cumulative share of population, PopShare. LzA 

and LzB are empirically determined constants. The income share of a percentile slice of the population is 

then divided by the population size in each slice to give the wealth per capita. A function of the same form as 

that fitted in Figure 1 (and used in the simple model), but with slightly different coefficients, is then used to 

calculated the population growth rate separately for each percentile of the population, and the results 

summed to give the overall population growth. The effect of this model is that each percentile of the 

population moves independently along a population growth curve similar to that in Figure 2. The wealthier 

groups move early to fewer children and smaller family size, and the poorer groups move later. The Lorentz 

curve in Figure 3a is assumed to apply at all times. As shown in Figure 3b, the Gini coefficient, which is 

derived from a Lorentz curve, has not varied much for the last 30 years, so the assumption is reasonable. 

 

Figure 3. Wealth inequality Lorentz curve and Gini coefficients. a. (left) Lorentz curve of cumulative share of income vs 

cumulative proportion of population in 2015; b. (right) Gini coefficient from 1987 to 2015. Source: World Bank Poverty 

and Equity Database (World Bank, 2020).  

3.1.4 Population growth, demographic dividend model 

The third variant is based on the modelling the population dynamics of different age groups (Kirby, 2021 

submitted). In each time period, the population of an age group is the population in the previous period plus 

new entrants less exits. Entrants are births for the 0-4 age group, or part of the next younger age group less 

deaths in that group. Exits are deaths in each group. The birth rates and death rates as a function of time are 

taken from UN (2019), and transformed to a function of wealth per capita. This procedure gives the 

population dynamics, including the size of the working age population and the dependency ratio (which 

equals the ratio of the 0-14 plus 65+ populations to the 15-64 population). In the third variant, equation (4) 

is modified to:  

𝐿′ =   (𝑊𝐴𝑃𝑡+∆𝑡
𝛾

/𝑊𝐴𝑃𝑡
𝛾

)         (4a) 

where WAP is the working age population. Note that increases in investment in human capital that extends 

schooling age will tend to shrink the working age population. However, the productivity of the future 

population would then increase.  
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3.2 Rural – urban migration sub-model  

The rural and urban populations are assumed to grow at the same rate, given by equation (7) for the simple 

model, or by the procedures outlined above for the inequality and demographic dividend models. However, 

a fraction of the rural population may migrate to join the urban population. In the model, it is assumed that 

agriculture requires a certain size of rural population, from which it draws a labour force. In the initial 

timestep, the agricultural demand for labour per unit area of crops is given by the initial population divided 

by the initial area of crops. With the progress of time, the population and the area of crops increase. 

However, due to increasing crop yields, the area of crops increases less rapidly than the population, and 

hence the agricultural demand for labour increases less rapidly than the population overall. This may 

alternatively expressed as the productivity of agricultural labour increasing with time. This creates a surplus 

of the rural population. It is assumed that a constant fraction of the surplus migrates to the urban areas in 

each time period: 

𝑃𝑟𝑢𝑟𝑎𝑙,𝑡+∆𝑡 = 𝑃𝑟𝑢𝑟𝑎𝑙𝐴𝐷𝐿,𝑡+∆𝑡 + (𝑃𝑟𝑢𝑟𝑎𝑙,𝑡  (1 + ∆𝑡) − 𝑃𝑟𝑢𝑟𝑎𝑙𝐴𝐷𝐿,𝑡+∆𝑡)(1 − 𝑀𝑖𝑔𝑟)     (8) 

Where Prural,t+t is the rural population after migration is accounted for, PruralADL,t+t is the rural population 

determined from the agricultural demand for labour, Prural,t is the rural population based on the population 

growth rate (ie before migration is accounted for), and Migr is a migration factor.  

3.3 Food demand sub-model  

In the model, the demand for seven major foods is simulated; wheat, rice, other cereal, sugarcane, pulses 

and oilseeds (treated as a single food), milk and meat. It is assumed that the demand for each is related to 

wealth, determined for each percentile slice of the population as per the second population growth model in 

section 3.1. The initial average per capita demand for each type of food at the start of the simulation is taken 

from the FAO food balance tables (FAO, 2020), with the exception of other cereals, described further below. 

This demand is then split into a food demand of the poorest 1 percent of the population and a food demand 

of the wealthiest 1 percent, such that the average of the two equals the observed demand. This is equivalent 

to assuming that the food demand of the one percent wealth slices of the population is distributed linearly 

between the poor and wealthy demand, as shown in Figure 4 for the example of sugar.  
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Figure 4. Demand for other cereals in 1960 (solid line) and at a later time (dotted line). The break point between the 

two straight line sections of the dotted line indicates a wealth per capita equivalent to the maximum wealth per capita 

in 1960 (ie, that for the 100th percentile of the population in 1960).  

The wealthy demand is assumed to be a maximum demand, which is not exceeded with the development of 

greater wealth with time. In the simulation, as the wealth per capita grows amongst the wealthier part of the 

population, a greater and greater fraction of the population assumes the wealthy demand, as shown by the 

dotted line in Figure 4. The remainder of the population has an average food demand that is the average of 

the poor and wealthy demand. As will be shown in the results, this simulates the growth in the per capita 

supply of food in the FAO food balance tables reasonably well, except for other cereals. They showed little 

growth over last few decades. Therefore, rather than make a completely separate model for other cereals 

alone, the initial demand at the start of the simulation period was set lower than the observed; this resulted 

in a reasonable simulation of demand over most of the period. 

3.4 Agricultural crop production and crop area sub-models  

The food demand determined in the previous section is used to determine a demand for crop production, 

and hence an area of crops to be planted. Meat production is assumed to be from dryland pasture, and 

(since it will not require irrigation and hence is not needed for the water demand modelling) is not 

considered in this part.  

For each crop, the required production of crop i, CropProdi, is given by: 

𝐶𝑟𝑜𝑝𝑃𝑟𝑜𝑑𝑖 =  𝑃 . 𝐹𝑜𝑜𝑑𝐷𝑒𝑚𝑎𝑛𝑑𝑖 𝐶𝑜𝑛𝑣𝑖⁄        (9a) 

where P is the population, FoodDemandi is the food demand for crop i, and Convi is a factor for the 

conversion of the crop production into food for crop i. The conversion factor is generally less than 1; in the 

case of sugarcane, where sugar comprises little of the produced cane, the factor is as low as 0.08. Slightly 

less than half the rice produced in Pakistan is exported, so the required production including exports, 

CropProdi′, is given by: 

𝐶𝑟𝑜𝑝𝑃𝑟𝑜𝑑𝑖
′ = 𝐶𝑟𝑜𝑝𝑃𝑟𝑜𝑑𝑖 (1 − 𝐹𝐸𝑥𝑝)⁄         (9b) 

where FExp is the fraction of rice production exported.  Similarly, most pulses and oilseeds are imported, in 

which case the required production is determined by: 

𝐶𝑟𝑜𝑝𝑃𝑟𝑜𝑑𝑖
′ = 𝐶𝑟𝑜𝑝𝑃𝑟𝑜𝑑𝑖 𝐹𝐼𝑚𝑝𝑖        (9c) 

where FImp is the fraction of pulses and oilseeds demand satisfied by imports. 

Cotton is a major water using crop in Pakistan, and it is added to the food crops. The demand for cotton is 

assumed to grow in a fashion similar to that of the food crops. For crops other than rice and pulses and 

oilseeds, CropProdi′ = CropProdi. The required area of a crop, CropAreaReqi, is then given by dividing the crop 

production (after exports or imports, if any) by the crop yield, CropYieldi: 

𝐶𝑟𝑜𝑝𝐴𝑟𝑒𝑎𝑅𝑒𝑞𝑖 =  𝐶𝑟𝑜𝑝𝑃𝑟𝑜𝑑𝑖
′ 𝐶𝑟𝑜𝑝𝑌𝑖𝑒𝑙𝑑𝑖⁄        (10) 

The required crop area is split between two crop regions, a mid basin (loosely, the Punjab and KP irrigated 

areas) and a lower basin (loosely, Sindh and Balochistan irrigation areas). The split at the first time period is 

taken to be 75 (mid basin) to 25 (lower basin), based on observed crop areas in 1960. As the simulation 

proceeds, the required areas of both regions grow with the same proportionate split. The crop yields grow 

with linearly with time as the simulation proceeds.  
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3.5 Irrigation water demand sub-model  

The area of crops determined in the previous section is used to determine the total volume of water 

required for irrigation in each month, CWRr,m, for crop region r, where r is the region of the mid basin or the 

lower basin, and m is the month. The calculation of crop areas is based on the crop coefficient approach of 

Allen et al. (1998), as used in Pakistan by Ahmad et al. (2019). In determining the water requirement, it is 

noted that the depth of water applied in the lower basin (mainly Sindh) is observed to be greater in relation 

to demand than is the case in the mid basin (mainly Punjab). Thus, the volume of water required is given by: 

 

    

   (11a) 

 

 

        (11b) 

 

 

where ETref is the reference evapotranspiration, Kci,m is the crop coefficient of crop i in month m, Reff is the 

effective rainfall, ApplFact is an application factor for region r which is greater in the lower basin to account 

for the observed greater application there of irrigation water, and IrrigEff is an irrigation efficiency factor for 

region r. CWRTm is the total crop water requirement for the mid and lower basins combined. 

3.6 Water supply and irrigation water use sub-models  

The supply of water is based on a very simple precipitation – glacier / snow melt – runoff model in two 

catchments of an upper basin, with a river flow – irrigation diversion model in the mid and lower basins. Flow 

from the upper basin to the mid and lower basins is moderated by a large reservoir.  

3.6.1 Snow and glacier dynamics 

Snow and glacier melting or accumulation depend on the average monthly temperature, Tavec,m, where c is 

the catchment, and m is the month. An upper and lower temperature threshold (Tupper and Tlower) define 

three regimes of behaviour: 

𝐹𝑠𝑛𝑜𝑤𝑐,𝑚 = 𝐹𝑠𝑛𝑜𝑤𝑐,𝑚𝑎𝑥

𝐹𝑔𝑙𝑎𝑐𝑐.𝑚 = 0
}    𝑇𝑎𝑣𝑒𝑐.𝑚 < 𝑇𝑙𝑜𝑤𝑒𝑟      (12a) 

𝐹𝑠𝑛𝑜𝑤𝑐,𝑚 = 𝐹𝑠𝑛𝑜𝑤𝑐,𝑚𝑎𝑥
(𝑇𝑢𝑝𝑝𝑒𝑟− 𝑇𝑎𝑣𝑒𝑐,𝑚)

(𝑇𝑢𝑝𝑝𝑒𝑟−𝑇𝑙𝑜𝑤𝑒𝑟)

𝐹𝑔𝑙𝑎𝑐𝑐.𝑚 =
( 𝑇𝑎𝑣𝑒𝑐,𝑚− 𝑇𝑙𝑜𝑤𝑒𝑟)

(𝑇𝑢𝑝𝑝𝑒𝑟−𝑇𝑙𝑜𝑤𝑒𝑟)

}    𝑇𝑙𝑜𝑤𝑒𝑟 ≤  𝑇𝑎𝑣𝑒𝑐.𝑚 ≤ 𝑇𝑢𝑝𝑝𝑒𝑟   (12b) 

𝐹𝑠𝑛𝑜𝑤𝑐,𝑚 = 0

𝐹𝑔𝑙𝑎𝑐𝑐.𝑚 = 1
}    𝑇𝑢𝑝𝑝𝑒𝑟 <  𝑇𝑎𝑣𝑒𝑐.𝑚        (12c) 

Fsnow is the fraction of precipitation that falls as snow which varies from 0 in the warmer months (Tupper < 

Tave) to a maximum (less than 1) in the colder months (Tave < Tlower); Fglac is a glacier melt factor which 

 

𝐶𝑊𝑅𝑟,𝑚 =  ∑ (𝐸𝑇𝑟𝑒𝑓. 𝐾𝑐𝑖,𝑚 − 𝑅𝑒𝑓𝑓)

𝑛𝐶𝑟𝑜𝑝𝑠

𝑖

 . 𝐶𝑟𝑜𝑝𝐴𝑟𝑒𝑎
𝑖
 . 𝐴𝑝𝑝𝑙𝐹𝑎𝑐𝑡 𝐼𝑟𝑟𝑖𝑔𝐸𝑓𝑓

𝑟
⁄  

 

 
 

 

𝐶𝑊𝑅𝑇,𝑚 =  ∑ 𝐶𝑊𝑅𝑟,𝑚

𝑛𝑅𝑒𝑔𝑖𝑜𝑛𝑠

𝑖
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varies from 0 in the colder months (no melting) to 1 in the warmer months (maximum melting), and is used 

to determine melt rate below.  

The depth of snow (given as the equivalent depth of water), Dsnowc,m, grows and shrinks according to: 

𝐷𝑠𝑛𝑜𝑤𝑐,𝑚 = 𝐷𝑠𝑛𝑜𝑤𝑐,𝑚−1 + 𝑃𝑐,𝑚. 𝐹𝑠𝑛𝑜𝑤 −  𝐷𝑠𝑛𝑜𝑤𝑐,𝑚−1. 𝐶𝑚𝑒𝑙𝑡. (1 − 𝐹𝑠𝑛𝑜𝑤)𝐶𝑚𝑒𝑙𝑡𝐸𝑥𝑝    (13) 

where Dsnowc,m-1 is the depth of snow in the catchment in the previous month, Pc,m is the precipitation, and 

Cmelt and CmeltExp are constants governing the rate of snow melting. The effective rain available to become 

infiltration or runoff can be less than the actual rain (when there is snow accumulation according to equation 

13) or more than the actual rain (when the snow is melting), given by: 

𝑅𝑎𝑖𝑛_𝑒𝑓𝑓𝑐,𝑚 = 𝑃𝑐,𝑚 − (𝐷𝑠𝑛𝑜𝑤𝑐,𝑚 −  𝐷𝑠𝑛𝑜𝑤𝑐,𝑚−1)       (14) 

The volume of glacier melt, Vglac_meltc,m, is given by: 

𝑉𝑔𝑙𝑎𝑐_𝑚𝑒𝑙𝑡𝑐,𝑚 =  𝑉𝑔𝑙𝑎𝑐𝑐,𝑚−1 . 𝐺𝑚𝑒𝑙𝑡 . (𝐹𝑔𝑙𝑎𝑐𝑐.𝑚)𝐺𝑚𝑒𝑙𝑡𝐸𝑥𝑝     (15) 

where Vglacc,m is the volume of the glaciers in the catchment, and Gmelt and GmeltExp are constants. The 

glacier volume is updated each month to account for the melting.  

3.6.2 Infiltration and runoff 

The effective rain determined above is partitioned between infiltration into a generalised surface store (soil 

water storage plus small surface stores) and runoff according to an equation used by Kirby et al. (2013), 

similar to the monthly Zhang-Budyko model (Zhang, 2008). Any effective rain that does not infiltrate into the 

surface store becomes runoff, Runoffc,m. The infiltration, Inflc,m, varies between the supply limit of effective 

rainfall and the capacity limit of the unfilled soil water storage, SWSc,m: 

𝐼𝑐,𝑚 =  ∆𝑆𝑊𝑆𝑐,𝑚 [(𝑅𝑎𝑖𝑛_𝑒𝑓𝑓𝑐,𝑚/∆𝑆𝑊𝑆𝑐,𝑚)
𝑎1

(1 + (𝑅𝑎𝑖𝑛_𝑒𝑓𝑓𝑐,𝑚/∆𝑆𝑊𝑆𝑐,𝑚)
𝑎1

)⁄ ]
1/𝑎1

  (16) 

where a1 is a parameter to be determined empirically. SWSc,m:is the difference between the storage, 

SWSc,m, and the maximum storage, SWSmaxc . Whereas effective rain fills the surface store, 

evapotranspiration, ETc,m, depletes it, according to: 

𝐸𝑇𝑐,𝑚 =  𝐸𝑇𝑝𝑜𝑡𝑐,𝑚 [(𝑆𝑊𝑆𝑐,𝑚−1/𝐸𝑇𝑝𝑜𝑡𝑐,𝑚)
𝑎2

(1 + (𝑆𝑊𝑆𝑐,𝑚−1/𝐸𝑇𝑝𝑜𝑡𝑐,𝑚)
𝑎2

)⁄ ]
1/𝑎2

  (17) 

where SWSc,m-1 is the water stored in the surface store in the previous month, ETpotc,m is the potential 

evapotranspiration, and a2 is a parameter. The surface store, SWSc,m, is updated by  

𝑆𝑊𝑆𝑐,𝑚 =  𝑆𝑊𝑆𝑐,𝑚−1 +  𝐼𝑐,𝑚 −  𝐸𝑇𝑐,𝑚        (18) 

Finally, the overall discharge from the catchment, Dischc,m, is given by: 

𝐷𝑖𝑠𝑐ℎ𝑐,𝑚 =  (𝑅𝑢𝑛𝑜𝑓𝑓𝑐,𝑚. 𝐴𝑟𝑒𝑎_𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡𝑐 − 𝑉𝑔𝑙𝑎𝑐𝑚𝑒𝑙𝑡𝑐,𝑚
)  − 𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚𝑈𝑠𝑒)  (19) 

where UpstreamUse accounts for upstream water use before the discharge enters Pakistan. Upstream water 

use is assumed to be a constant fraction, UpstreamUseFact, of the crop water requirement of Pakistan, given 

by equation (11b): 

𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚𝑈𝑠𝑒𝑚 = 𝐶𝑊𝑅𝑇,𝑚 𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚𝑈𝑠𝑒𝐹𝑎𝑐𝑡       (20) 

The discharge from the two upper catchments is summed to give the total discharge from the upper basin, 

DischTm. 
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3.6.3 Dam storage, river flow and irrigation water use in the mid and lower basins 

Pakistan has two large dams, Tarbela and Mangla, plus some smaller storages, which are all combined into 

one large dam in this simple model. The discharge determined above flows into the single large dam, and the 

volume of water stored in the dam, Vdam '
m , is updated monthly: 

𝑉𝑑𝑎𝑚𝑚
′ = 𝑉𝑑𝑎𝑚𝑚−1 + 𝐷𝑖𝑠𝑐ℎ𝑚

𝐷𝑎𝑚_𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑚
′ = 0

}  𝑉𝑑𝑎𝑚𝑚−1 + 𝐷𝑖𝑠𝑐ℎ𝑚 < 𝑉𝑑𝑎𝑚_𝑚𝑎𝑥    (21a) 

𝑉𝑑𝑎𝑚𝑚
′ = 𝑉𝑑𝑎𝑚_𝑚𝑎𝑥

𝐷𝑎𝑚_𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑚
′ = 𝑉𝑑𝑎𝑚𝑚−1 + 𝐷𝑖𝑠𝑐ℎ𝑚 −  𝑉𝑑𝑎𝑚_𝑚𝑎𝑥

} …  

     𝑉𝑑𝑎𝑚𝑚−1 + 𝐷𝑖𝑠𝑐ℎ𝑚 ≥ 𝑉𝑑𝑎𝑚_𝑚𝑎𝑥   (21b) 

The water stored in the dam, Vdam '
m , and the outflow from the dam, Dam_Outflow '

m , are temporary 

volumes, before irrigation water use is accounted for in the outflow. The volume of water stored cannot 

exceed the maximum dam capacity, Vdam_max. Tarbela and Mangla dams are subject to sedimentation, so 

Vdam_max diminishes linearly with time.  

The volume of water available for irrigation in the mid and lower basins, V_availm, is: 

𝑉_𝑎𝑣𝑎𝑖𝑙𝑚  =  𝑉𝑑𝑎𝑚𝑚
′ + 𝐷𝑎𝑚_𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑚

′ − 𝐹𝑙𝑜𝑤_𝐷𝑒𝑙𝑡𝑎𝑚     (22) 

where Flow_Deltam is a required minimum monthly flow at the mouth of the Indus.  

The mid and lower basin crop regions each have an allocation of water for each month, based on the 

allocation of water in that region. The actual volume to be provided is the lesser of the allocation, the 

available volume calculated in (22), and the crop water requirement calculated in (11). If the volume to be 

provided exceeds Dam_Outflow '
m  calculated in (21), the dam outflow is adjusted to equal the volume to be 

provided, and the water stored in the dam, Vdam '
m , is likewise adjusted. This gives the river flow to the mid 

and lower basins, and hence to the delta. Water is lost from the river in direct proportion to flow, and 

Dam_Outflow '
m  and Vdam '

m  are adjusted a second time to compensate for the losses. Note that this 

formulation gives a storage volume constraint to the availability of water for irrigation, but there is no 

delivery constraint – it is assumed that the required volume of water can always be delivered by the canal 

infrastructure. 

As noted above, the actual volume to be provided for irrigation is the lesser of the allocation, the available 

volume calculated in (22), and the crop water requirement calculated in (11). In the third case, there is 

sufficient water to meet the crop water requirement, and the actual crop production is assumed to be the 

required crop production calculated in equation (9a) to (9c). In the first two cases, there is insufficient water 

to meet the crop water requirements in the two cropping regions (mid and lower basins). When this occurs, 

the shortfall in requirement is made up from groundwater in the mid basin only. Groundwater in the mid 

basin is assumed to be recharged by the amount lost from the rivers plus the amount lost in conveyance by 

the irrigation canals, which is equal to the diversions multiplied by (1 – IrrigEff1). The lower basin remains 

short of water. When the lower basin is short of water the actual crop areas and production are revised 

downwards from the required crop production in equations (9) and (10) by the ratio of water provided to 

water required.  

It should be noted that the mid and lower basin water use simulations are not a complete water balance. 

The water use in the landscape by vegetation other than irrigated crops or by evaporation from other 

surfaces (such as bare soil or water bodies) is not accounted for.  
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3.7 Water - energy sub-models  

Hydropower installed generation capacity in Pakistan increased in several stages over the period 1960 to the 

present day. The hydropower production, Hyd-powm, is calculated as a fraction of the installed capacity, 

Hyd_capm, using a head – flow relationship: 

𝐻𝑦𝑑_𝑝𝑜𝑤𝑚  =  𝐻𝑦𝑑_𝑐𝑎𝑝𝑚 .  𝐷𝑎𝑚_𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑚 . (𝐻0 +   𝑉𝑑𝑎𝑚𝑚
1 3⁄

). 𝑐1    (23) 

where H0 and c1 are constants, (H0 + VDam1/3
m  ) is related to the head available for power generation (noting 

that the head is related to the cube root of the volume of water stored), and Dam_Outflowm and Vdamm are 

the dam outflow and storage volume after adjustment for irrigation supples and river flow losses. The 

constant c1 is a composite constant that includes the density of water, gravitational acceleration, and 

various unit conversions plus an efficiency factor to account for less than perfect use of the installed 

capacity.  

Groundwater energy use, GW_energy_use, is calculated from the groundwater irrigation use, GW_irrig_use, 

as 

𝐺𝑊_𝑒𝑛𝑒𝑟𝑔𝑦_𝑢𝑠𝑒 =  𝐺𝑊_𝑖𝑟𝑟𝑖𝑔_𝑢𝑠𝑒 . 𝑐2         (24) 

where c2 is a composite constant which includes the density of water, gravitational acceleration, a notional 

height of lifting the water from the water table to the surface, and various unit conversions. c2 is used as a 

matching constant to fit the model results to the observed data. The equation does not include the effect of 

deepening groundwater, which would increase the energy required with time. However, the increasing 

groundwater use in the Punjab has been partly through extension to new areas, not just through deeper 

pumping in existing areas. In addition, pumps have become more efficient with time, which would offset the 

greater energy requirement with increasing depth. For simplicity, therefore, the depth effect is not included. 
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4 A simulation of development from 1960 to 
2050: data inputs 

In this report, we describe an example of the use of the model to simulate the development of population, 

GDP, water security (water availability and use for irrigation) and food security (food demand and 

production) in Pakistan from 1960 to 2050. While the sub-models described in the previous section are each 

simple, the overall integrated model is complex and can simulate many large-scale features relevant to the 

food and water security challenges of Pakistan. Calibrating such a model is problematic, since there are many 

input constants and variables, and there is unlikely to be a unique set which results in the best-fit calibration. 

In this section, we describe the data inputs for a plausible model setup. In the Section 5, we show the results 

of the model simulation using the data inputs described in this section, and describe range of features that it 

simulates with reasonable success.  

Model inputs are of two types, parameters in the equations described in Section 3, and time-series 

describing the climate (temperature, ETref, ETpot, and precipitation in equations (11), (12), (14) and (17)). 

Some of the data are not input into the model directly, but are derived from subsidiary calculations. The 

input data are given below, with subsidiary calculations where they are used. 

In the case of some of the time-series data, such as GDP or population, the value at 1960 is used as an input 

but the whole time-series is later used to compare with the model simulation results in Section 5.   

The example simulation described here makes use of the simple population growth model in section 3.1.2. 

The parameters for that model are given. We do not show here parameters for examples that use the 

inequality or demographic dividend models.  

4.1 Model parameters 

4.1.1 GDP parameters 

The GDP growth model in equations (3) and (5) requires the initial size of the output in 1960 in each of the 

agriculture, manufacturing and service sectors, and the total factor productivity and capital growth 

constants, A′ and K′. The other input parameter, L’, will be described in section 4.1.2. A′ and K′ are not input 

directly, but calculated from other information as described below. 

The GDP of Pakistan from 1961-2 to 2019-20 is given in PBS (2020a). The data have a shift in the baseline in 

1990-91; we recalculated the earlier values to the 1990-91 baseline. The size of the agriculture, 

manufacturing and service sector components from 1999-2000 to 2019-20 is given in PBS (2020b); the 

sector growth rates from 1951-2 to 2019-20 in PBS (2020c) were used to back-project the sector sizes in PBS 

(2020b) to 1960-61. Rashid and Namra (2016) also give sector growth rates for each component from 1980 

to 2015. The sector growth rates are used in the calculation of A′ and K′; we used the growth rates in Rashid 

and Namra, which are similar to those in PBS (2020c) over the same period. We set the GDP to an index of 

100 in 1960-61, and used the sector size data calculated for that year to calculate the index for each sector, 

such that the sectors summed to 100. The input data for size of sectors and growth rates is shown in Table 1.  
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Table 1. Sizes and growth rates of the agriculture, manufacturing and services sectors.  

 Agriculture Manufacturing Services 

Index size in 1960* 51 11 58 

Growth, % per year 3.55 5.55 5.25 

*The size of the three sectors sums to 100, which is the GDP index in 1960. 

To determine A′ and K′, we used data on the shares of labour, capital, land, human capital and total factor 

productivity as input factors in the agriculture, manufacturing and service sectors, combined with a growth 

exponent for each (ie,  and  in equations (1) and (2)). Data from 1980 to 2015 are given by Rashid and 

Namra (2016). The contribution of land to growth in GDP was small according to Rashid and Namra (2016), 

at -0.2 % per year, compared to contributions to growth of 2.5 %, 0.4 %, 0.4 % and 1.7% for labour, capital, 

human capital and total factor productivity. Ignoring the land contribution, this gives contributions of 2.5 %, 

0.4 % and 2.1 % for the labour, capital and the combined human capital and total factor productivity, or 

shares in the growth of 0.5, 0.075 and 0.425. The data in Rashid and Namra (2016) also indicate that the 

contributions to growth of each input factor as a fraction of the growth were similar in each sector. 

Therefore, we used average shares from labour, capital and total factor productivity for each sector. The 

input factor shares and growth exponents are shown in Table 2. 

Table 2. Growth shares and growth exponents of labour, capital and total factor productivity. 

 Labour Capital Total factor 

productivity 

Growth shares 0.5 0.075 0.425 

Growth exponents , ,  0.5 0.5 1 

 

Note that the assumption  =  = 0.5 represents constant returns to scale – meaning that an increase of 

inputs results in a corresponding increase in output. This might not be the case if, for example, expansion of 

agriculture is into less fertile areas, in which case the future production from agriculture would be over-

estimated. 

With the above information, the calculation of A′ and K′ is based on manipulating equation (2): 

𝑌𝑡+∆𝑡/𝑌𝑡  =   (𝐴𝑡+∆𝑡
𝛼 /𝐴𝑡

𝛼)  .  (𝐾𝑡+∆𝑡
𝛽

/𝐾𝑡
𝛽

 )  .  (𝐿𝑡+∆𝑡
𝛾

/𝐿𝑡
𝛾

 )       (2, repeated) 

Setting Kt+t / Kt to 1+b, we also assume that the growth in total factor productivity and the growth in capital 

(ie b) are related to their shares in growth, SA and SK, by 

𝑏 =   (𝐴𝑡+∆𝑡/𝐴𝑡)  .  (𝑆𝐾 𝑆𝐴⁄  )            (24) 

Noting that  = 1 from Table 2, that A’ = A 

t+t
 / Aa

t   (from equations (2) and (3)), and using the population P in 

place of the labour input L (cf equation (4)) this leads to 

𝑌𝑡+∆𝑡/𝑌𝑡  =   𝐴′  .  (1 + 𝐴′. 𝑆𝐾 𝑆𝐴⁄  )𝛽  .  (𝑃𝑡+∆𝑡
𝛾

/𝑃𝑡
𝛾

 )         (25) 

The left hand term is equal to the annual growth in Table 1, and the population growth is determined from 

the population growth model in section 3.1.2. 3.1.3 or 3.1.3. Then, using the growth shares and growth 
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exponents, equation (25) is solved implicitly for A’. Noting that K’ = K 

t+t
  / Kb

t     (from equations (2) and (3)), K’ 

may then be found from (25) and (2, repeated).  

The model inputs are as given in Table 2; A′ and K′ are solved within the model on the first timestep (ie at 

1960 – 1961), and used as constants thereafter.  

4.1.2 Population parameters 

The historical population of Pakistan and projections to 2100 are given by UN (2019). Here we used the 

median population projection to 2050. The parameters in equations (6) and (7) are given in Table 3.  

Table 3. Population growth parameters, simple population growth model. 

Population in 

1960, m 

PGR1a PGR1b PGR1c PGR1d PGR1d 

45 3.5 0.0395 -1 -0.63 0.004 

Note: the parameters PGR1a to PGR1e are defined in population growth – GDP index per million people, 

where the GDP index = 100 in 1960. PGR1a is the point at which the rate of population growth curve ceases 

to increase. PGR1c and PGR 1d are slopes in log – log space of the population growth rate vs GDP index per 

million people. 

4.1.3 Rural – urban migration parameters 

The historical rural and urban populations of Pakistan and projections to 2050 are given by UN (2018). The 

parameters in equation (8) are given in Table 4.  

Table 4. Rural – urban migration parameters. 

Urban Population in 1960, m Migr 

10 0.017 

4.1.4 Food demand 

The historical food availability and consumption of Pakistan from 1960 to 2013 are given in food balance 

tables by FAO (2020). As described in Section 3.3, the data in the food balance tables are used to derive poor 

and wealthy food demand for 7 food groups, shown in Table 5. The growth in production of cotton, while 

not a food crop, is modelled in the same way as that for the food crops, as described in Section 3.4; the data 

for cotton are also shown in Table 4.  
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Table 5. Food demand (and demand for cotton) in kg/cap/yr assumed for poor and wealthy groups.   

 Wheat Cotton Rice Sugarcane Other 

cereal 

Pulses 

and 

oilseeds 

Milk Meat 

Poor 35 0 5 10 8 5 43 0 

Wealthy 123 14 31 34 17 8 185 26 

 

4.1.5 Crop production and crop area 

The crop production and crop areas required to meet the demand requires data on: 

1.  the conversion of production to food (parameter Convi in equation 9a, where i is an index for the crop), 

which accounts for production losses, and diversions to feed and seed, which data are available in the food 

balance tables of FAO (2020); 

2. exports and imports, which data are also available in the food balance tables of FAO (2020); 

3. crop yield in 1960 and yield growth over time, with values derived from AMIS (2020), adjusted to provide 

reasonable fits of the overall simulation to observed production and crop area data. 

Table 6. Food (and cotton) export, import, yield and yield growth.   

 Wheat Cotton Rice Sugarcane Other 

cereal 

Pulses 

and 

oilseeds 

Milk Meat* 

Convi 0.88 1 0.8 0.08 0.64 0.35 0.85 1 

FExp  1 0.4      

FImp      0.75   

Yield, T/ha 0.8 0.2 0.8 35 0.8 0.5 2.3  

Yield 

growth, % 

/ year 

3.5 5.0 2.5 1.5 2.7 0 10.0 2.7 

* Meat is primarily derived from rainfed pasture, and the area of production which is required for the 

calculation of irrigation water demand is therefore not assessed. Hence, the yield is not required. The “yield 

growth” for meat is simply the growth in production required to meet the demand. 

4.1.6 Irrigation water demand  

The irrigation water demand is based on a crop coefficient model, as described in Section 3.5. The crop 

coefficients are based on Ullah et al. (2001) as used by Ahmad et al. (2019). The monthly crop coefficients 

are given in Table 7.  
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Table 7. Crop coefficients for the main crops and crop groups.   

 Wheat Cotton Rice Sugarcane Other 

cereal 

Pulses 

and 

oilseeds 

Fodder 

January 1.025 0 0 0.6 1.15 0.675 0.8 

February 1.15 0 0 0.6 1.15 1.15 0.8 

March 0.4 0 0 0.6 0.64 1.07 0.8 

April 0 0.35 0 0.7 0.3 0 0.8 

May 0 0.363 0 0.86 0 0 0.8 

June 0 0.763 1.05 1.1 0 0 0.8 

July 0 1.15 1.13 1.1 0 0 0.8 

August 0 1.15 1.15 1.1 0 0 0.8 

September 0 1.095 0.94 1.1 0 0 0.8 

October 0 1 0.5 0.98 0 0 0.8 

November 0.4 0 0 0.8 0.3 0 0.8 

December 0.4 0 0 0.8 0.563 0.4 0.8 

 

The calculation of crop water requirement in equation (11) also requires an irrigation efficiency factor and an 

application factor for each province, given in Table 8. The irrigation efficiency is greater than is generally 

quoted for individual crops in Pakistan, but is applied at the whole province level and hence incorporates 

within province reuse; this results in a much higher efficiency (Ahmad et al., 2007a Ahmad et al., 2007b).   

Table 8. Irrigation efficiency and application. 

 Mid Basin  Lower Basin 

IrrigEff 0.9 0.9 

ApplFact 0.9 1.5 

 

4.1.7 Water discharge from the upper basin catchments  

In the model, water is supplied into the Indus Basin from two upper catchments. The discharge results from 

both snow and glacier accumulation and melting processes and from rainfall infiltration and runoff, as given 
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in Sections 3.6.1 and 3.6.2, equations (12) to (20). The parameters used in the equations are given in Table 9. 

The table also includes a precipitation scaling factor not mentioned in Section 3.6.1 and 3.6.2. The scaling 

factor accounts for the discrepancy between observed precipitation and observed discharge, which suggests 

that the precipitation is under-estimated (Lutz et al., 2016, and references therein). The observed 

precipitation (discussed below) is multiplied by the scaling factor. This approach is simpler than the approach 

used by Lutz et al. (2016) who increased the observed precipitation based on the mass balance of glaciers.  

Table 9. Upper basin catchments discharge parameters. 

 Upper Basin West Upper Basin East 

Area, km2 338,799 101,195 

Initial snow depth (t=0),  m 0.2 0.2 

Fsnowmax 0.85 0.5 

Tupper 15 15 

Tlower 0 0 

Cmelt 0.1 0.1 

CmeltExp 2 2 

Initial glacier volume (t=0), km3 1600 600 

Gmelt 0.0001 0.0001 

GmeltExp 1.5 1.5 

SWSmax 0.4 0.4 

a1 0.3 0.32 

a2 0.5 1 

Precipitation scaling factor 1.5 1.2 

 

4.1.8 Dam storage, river flow and irrigation water use in the mid and lower basins  

In the model, from the upper catchments is stored in a single large dam according to equation (21). The dam 

has a maximum storage capacity which diminishes with time due to sedimentation at a rate which is a 

constant percentage of the original storage per year. Discharge from the dam is determined partly by 

allocations. We assumed that the allocations summed for the mid and lower basins and summed annually 

are equal to the volume of water available annually, as determined by an initial run of the model in which 

only the upper basin discharge was of interest (which in turn was matched to observed data), after the river 

losses and required flow to the delta are accounted for. However, the monthly distribution of allocations, 
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and the distribution between the mid and lower basins are considered to be in proportion to the observed 

monthly diversions in the Punjab and Sindh plus Balochistan, averaged over the period 1975 to 2018. The 

diversions are based on the data obtained by Ahmad et al. (2021). The losses in the rivers, and the 

environmental flow to the delta are assumed. The dam storage, flow loss and allocations in the mid and 

lower basins are given in Table 10. 

Table 10. Mid and lower basin dam storage, river flow and irrigation water use parameters. 

 Mid Basin Lower Basin 

Vdam_max, mcm 25,000  

Initial dam storage, mcm 12,500  

Storage loss, percent of Vdam_max per year 0.5  

River flow loss as fraction of flow 0.3 0.1 

Minimum monthly flow to delta, mcm/mo  1,000 

Historical diversions each month, mcm   

January 1689 2182 

February 3961 3274 

March 5096 3290 

April 5349 2975 

May 8503 4958 

June 9641 9438 

July 10054 11051 

August 9828 9483 

September 9456 8456 

October 6987 5884 

November 5802 4002 

December 5071 3469 
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4.1.9 Hydropower generation and groundwater energy use  

Hydropower generation in the model is determined by two constants in equation (23), plus a time-series of 

generation capacity. The time-series of generation capacity is described in the section on time-series below. 

The two constants were set by trial and error to provide a match to the observed generation, also taken 

from the publications above, and are shown in Table 11. The constant in the groundwater pumping energy 

requirement was set by trial and error to provide a match to the observed groundwater energy use, which 

was calculated as an assumed 50 % of the overall energy use in agriculture, taken from Table 3 in Ahmed et 

al. (2015). The constant is shown in Table 11. 

Table 11. Hydropower constants. 

 Value of constant 

H0, m 2,000 

c1 2.5e-9 

c2 1.0e-5 

 

4.2 Time-series inputs 

4.2.1 Climate inputs 

The climate inputs include monthly precipitation, potential evapotranspiration and average temperature. 

The data from 1960 – 2018 were taken from the gridded climate series in the CRU TS 4.03 datasets 

described in Harris et al. (2014). The description in Harris et al. is for an earlier version, but is the most up to 

date reference for the datasets. For the purposes of the demonstration simulation described here, the 

values from 1960 onwards were repeated and used for 2019 onwards.  

The precipitation in the Upper Basin West, Upper Basin East, Mid Basin and Lower Basin are shown in Figure 

5 and the potential evapotranspiration is shown in Figure 6. The average temperatures are required for the 

two upper basin catchments only, and are shown in Figure 7.  
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Figure 5. Monthly precipitation in the Upper Basin West, Upper Basin East, Mid Basin and Lower Basin. 
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Figure 6. Monthly potential evapotraspiration in the Upper Basin West, Upper Basin East, Mid Basin and Lower Basin. 
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Figure 7. Monthly average temperature in the Upper Basin West and Upper Basin East. 

4.2.2 Hydropower generation  

Hydropower generation in the model is determined by two constants described in section 4.1.9, plus a time-

series of generation capacity. The generation capacity was calculated from the installed capacity in GW 

multiplied by the number of hours in the year. The installed capacity was taken from FBS (2000) and PBS 

(2020d), and is shown in Figure 5. For the purposes of this demonstration simulation, the generation 

capacity was assumed to be constant from 2020 onwards.  

 

Figure 8. Annual hydropower generating capacity 

 



 

34 

 

5 A simulation of development from 1960 to 
2050: results 

The model described in Section 3, with the data inputs described in Section 4, results in many output time-

series simulating population growth, GDP, and data relevant to the food and water security of Pakistan from 

1960 to 2050. In this section, we describe the output time-series, and compare them to observed values for 

1960 to about 2020 (the exact period of comparison depending on data availability) and, for population and 

GDP, to independently derived values for 2020 to 2050. 

 

5.1 GDP 

The GDP results in Figure 9. show the growth of results show the overall growth in GDP, and the components 

of agriculture, manufacturing and services. The agricultural sector has the lowest growth rate.  

 

Figure 9. Model simulation of GDP in Pakistan. Top left, whole economy; top right, agriculture; bottom left, 

manufacturing; bottom right, services. Model simulations in dashed lines, observed values in solid lines. The observed 

series from 1960 to 2020 are calculated from PBS (2020a, 2020b, 2020c), as described in section 4.1.1. The observed 

GDP index from 2020 to 2050 grows at a rate of 4.3 % per annum, which is the growth rate projected by PWC (2017). 

The GDP per capita, calculated from the GDP above and the population described in the next section, is 

shown in Figure 10. 
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Figure 10. GDP per capita. Model simulations in dashed lines, observed values in solid lines. Observed values include 

values based on the growth rate projected by PWC (2017) and the population growth projected by UN (2019) 

5.2 Population 

The population results are shown in Figure 11 for the total, urban and rural population. Figure 12 shows the 

population growth rate.  
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Figure 11. Model simulation of the population in Pakistan. Total (top), urban (middle) and rural (bottom). Model 

simulations in dashed lines, observed values in solid lines. The observed series are from UN (2018, 2019).  
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Figure 12. Model simulation of the population growth rate in Pakistan. Model simulations in dashed lines, observed 

values in solid lines. The observed series are calculated from UN (2019).  

5.3 Crop production, trade, yield and area 

The crop production simulated to meet the food demand, after trade is taken into account, is shown in 

Figure 13 for the Mid Basin and Figure 14 for the Lower Basin. The observed values shown for comparison 

are taken from AMIS (2020). Figure 15 shows the meat production, which is simulated for the whole of 

Pakistan, not regionally. 

The simulated trade in crops and food, which is for the whole of Pakistan, is shown in Figure 16, again with 

observed values (From FAO, 2020) shown for comparison. Rice and cotton are the only crops simulated as 

exported, and pulses and oilseeds are the only crop group simulated as imported. Other crops and foods are 

not exported or imported in large quantities, or the exports and imports do not show systematic, predictable 

trends. 

The availability of the main food groups is simulated as the crop production plus import or minus exports, 

and is shown in Figure 17. Note that the sugarcane figure is that for the raw cane, not processed sugar; 

processed sugar comprises about 8 percent of the raw cane (FAO, 2020).  

The simulated and observed yield of crops is shown in Figure 18 for the Mid Basin and Figure 19 for the 

Lower Basin. The two crop groups, other cereals and pulses and oilseeds, include crops with quite different 

yields. For the purposes of this demonstration simulation, maize was chosen as a representative cereal; after 

wheat and rice it is the most important cereal by production and area. The pulses and oilseeds group has 

many potential candidates for the representative; mung beans were chosen for the simulation. The observed 

yield of crops is taken from AMIS (2020), except for milk where it is calculated as the production of milk 

(from FAO, 2020), split into the Mid and Lower Basins pro-rata with area of fodder, and divided by the area 

of fodder.   

The simulated and observed area of crops is shown in Figure 20 for the Mid Basin and Figure 21 for the 

Lower Basin. Fodder areas were taken from Dost (2003). It may be noted that the areas of most crops in the 

Lower Basin vary considerably from year to year, both in the observed values and in the simulated values 

(Figure 21). In contrast, the crop areas in the Mid Basin show less year to year variation, again both in the 

observed and simulated values (Figure 20). The difference arise because the Lower Basin is subject to the 

year to year variation in river flows, whereas the Mid Basin can smooth out the variation by drawing on more 

or less groundwater.  
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Figure 13.  Production of crops and food in the Mid Basin. Dashed lines are model simulations, solid lines are observed values. The observed values are taken from FAO (2020). Note 

the different scales for the various crops.  
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Figure 14. Production of crops and food in the Lower Basin. Dashed lines are model simulations, solid lines are observed values. The observed values are taken from FAO (2020). 

Note the different scales for the various crops.  

 

 

 

 

 

 

 

 

Figure 15. Simulated and observed meat production. Dashed lines are model simulations, solid lines are observed values. The 

observed values are from FAO (2020).  
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Figure 16. Simulated and observed exports and imports of crops and food. Dashed lines are model simulations, solid lines are observed values. The observed values are taken from 

FAO (2020). Negative numbers indicate imports. Note the different scales for the different foods.  
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Figure 17. Simulated and observed per capita annual food availability. Dashed lines are model simulations, solid lines are observed values. The observed values are taken from FAO 

(2020).  
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Figure 18. Simulated and observed yield of the main crops and food in the Mid Basin. Dashed lines are model simulations, solid lines are observed values. The observed values are 

taken from AMIS (2020). Maize and mung bean are chosen as representative crops for other cereals and pulses and oilseeds, respectively.  
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Figure 19. Simulated and observed yield of the main crops and food in the Lower Basin. Dashed lines are model simulations, solid lines are observed values. The observed values are 

taken from AMIS (2020). Maize and mung bean are chosen as representative crops for other cereals and pulses and oilseeds, respectively.  
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Figure 20. Simulated and observed areas of the main crops and food in the Mid Basin. Dashed lines are model simulations, solid lines are observed values. The observed values are 

taken from AMIS (2020), except fodder areas which were taken from Dost (2003).  
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Figure 21. Simulated and observed areas of the main crops and food in the Lower Basin. Dashed lines are model simulations, solid lines are observed values. The observed values are 

taken from AMIS (2020) , except fodder areas which were taken from Dost (2003).  
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5.4 River flow in the Upper, Mid and Lower basins 

The simulated annual river flows are shown in Figure 22. The model simulations of Eastham et al. (2010), 

themselves calibrated against observed values which contain many gaps, are shown for comparison with the 

Upper Basin West and Upper Basin East. The observed data for the Mid Basin and Lower Basin are taken 

from the data obtained by Ahmad et al. (2021), which included barrage flow data.  

The average monthly distribution of the river flows from 1960 to 2010 are shown in Figure 23. The model 

simulations of Eastham et al. (2010) are again shown for comparison. The observed data for the Mid Basin 

and Lower Basin are taken from the data obtained by Ahmad et al. (2021), which included barrage flow data. 
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Figure 22. Simulated and observed annual river flows. Upper Basin West (top), Upper Basin East (upper middle), Mid 

Basin (lower middle) and Lower Basin (bottom). Dashed lines are model simulations, solid lines are model simulations of 

Eastham et al. (2010) for the Upper Basin West and East, and based on barrage flow observations for the Mid and 

Lower Basins from the data obtained by Ahmad et al. (2020).  

 



 

48 

 

 

Figure 23. Simulated and observed average monthly river flows. Upper Basin West (top left), Upper Basin East (top 

right), Mid Basin (bottom left) and Lower Basin (bottom right). Dashed lines are model simulations, solid lines are model 

simulations of Eastham et al. (2010) for the Upper Basin West and East, and based on barrage flow observations for the 

Mid and Lower Basins from the data obtained by Ahmad et al. (2021).  

5.5 Storage behaviour in the dam 

The simulated storage behaviour of the hypothetical single large dam is shown in Figure 24. The figure shows 

the average annual dam fill, and the maximum fill level, which demonstrates the storage decline. 
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Figure 24. Annual average fill level of the dam. The dotted line shows the average fill level each year, whereas the solid 

line shows the maximum capacity each year, which declines with sedimentation. 

The declining storage does not have as much impact on the water delivery to crops as might be assumed, as 

discussed in section 5.6, nor hence on their production, discussed above in section 5.3. This is because the 

Pakistan irrigation system is designed to match a supply which is only somewhat moderated by 30 days of 

storage - and the water storages have in 2021 already lost a fair fraction of their storage to sedimentation.  

5.6  Irrigation diversions in the Mid and Lower basins 

The simulated and observed annual irrigation diversions are shown in Figure 25. The monthly average 

diversions are shown in Figure 26, together with the monthly average groundwater use. The monthly 

groundwater use in the Mid Basin will be discussed in the next section. 
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Figure 25. Simulated and observed annual diversions. Mid Basin (top) and Lower Basin (bottom). Dashed lines are 

model simulations, solid lines are observations. The observed values are taken from the data obtained by Ahmad et al. 

(2021).  
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Figure 26.  Simulated and observed monthly diversions for the Mid and Lower Basins. The diversions are averaged from 

1961 to 2017. Also shown is the simulated groundwater use in the Mid Basin. Mid Basin (top) and Lower Basin 

(bottom). Dashed lines are model simulations, solid lines are observations; dotted line is groundwater use in the Mid 

Basin. The observed values are taken from the data obtained by Ahmad et al. (2021).  
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5.7 Groundwater use in the Mid Basin 

The simulated annual irrigation groundwater use in the Mid Basin is shown in Figure 27. No direct 

observations exist for groundwater. The estimate of Kirby et al. (2107) for historic and extrapolated future 

use is shown for comparison; the extrapolated future use is simply a straight line extrapolation of the historic 

use. 

 

Figure 27. Simulated groundwater use in the Mid Basin. Dashed lines are model simulations, solid lines are the estimate 

of Kirby et al. (2017), with the straight line portion after 2010 being a simple extrapolation of the slope before that 

date.  

5.8 Hydropower generation 

The simulated and observed annual hydropower generation is shown in Figure 28. The observed hydropower 

generation was taken from FBS (2000) and PBS (2020d). 

 

Figure 28. Simulated and observed hydropower generation. Dashed lines are model simulations, solid lines are the 

observed values. The observed hydropower generation was taken from FBS (2000) and PBS (2020d).  

 



 

53 

 

5.9 Groundwater energy use 

The simulated and independently estimated annual groundwater use is shown in Figure 28. The 

independently estimated values are 50 % of the values in Table 3 in Ahmed et al. (2015), based on the 

assumption that half the energy in irrigated agriculture is used for purposes other than groundwater 

pumping. 

 

 

Figure 29. Simulated and independently estimated groundwater energy use. Dashed lines are model simulations, solid 

lines are the independently estimated values, based on Table 3 of Ahmed et al. (2015).  
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6 Discussion: application to scenario 
exploration 

The purpose of the model presented here is to simulate water and food security challenges of Pakistan, 

including the effects of population growth and GDP growth. We conclude here with a discussion of the 

adequacy of the model, followed by a discussion of the application of the model to scenario exploration and 

uncertainty analysis.  

6.1 About the model 

The integrated model simulates the dynamics of many different aspects of Pakistan’s food and water security 

challenges. In general, it simulates many effects reasonably well. However, because of the economical use of 

simple expressions to cover the behaviour of all crop and food types, some of the more minor food and crop 

types are not simulated well.  

The demonstration here does not invoke all parts of the model. In particular, the wealth / poverty 

distribution effects and the demographic dividend effects of the second and third variants of the population 

growth – GDP growth model are not demonstrated here. Kirby (2021, submitted) examined the use of all 

three variants in exploring scenarios of different population and GDP growth rates, including those resulting 

from changed wealth distribution and a changed population age structure (the demographic dividend 

effect).  

The model deals with economic quantities (GDP total and of the three sectors) in index terms. There is no 

explicit link between the agricultural production, which is in real quantities, and the GDP index of agriculture. 

There is a general implicit link via the population which both supplies labour to the economic sectors 

including agriculture hence influencing GDP growth, and demands for food which is supplied by agriculture. 

An explicit link would require modelling of price or value. That is not done here.  

Linked to the previous point, the export and import of agricultural commodities does not affect GDP. Insofar 

as the biggest agricultural export (cotton) accounts for only 1 % of GDP (PBS, 2020), even a fairly large 

change to cotton exports would not affect GDP as much as, say, a small change to population growth rates. 

Furthermore, there are many other aspects of external trade or earnings (aid, foreign direct investment, 

remittances, exports and imports of other sectors such as manufacturing, etc.) which are outside the scope 

of this model and are therefore not included, and yet have a greater impact on GDP than agricultural 

commodities. Therefore, we do not attempt an explicit link here.  

The energy generation and groundwater pumping models are simple empirical models rather than good 

process models, and give indicative results only.  

6.2 The potential use of the model for scenarios 

The large number of processes in the model can be used to explore the impacts of many different types of 

scenario. These include: 

- policies that affect population growth and poverty alleviation (wealth distribution); 
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- policies that affect GDP, including changing the balance of the different sectors of the economy, altering 

knowledge growth (assumed to influence the total factor productivity in equations (1) and (3) or investment 

in capital; 

- changing food demand, perhaps resulting from changed dietary preferences; 

- changing the rate of crop yield growth (perhaps assumed to flow from changing the rate of total factor 

productivity in the GDP of agriculture) 

- changing the import and export of crops, hence changing the requirements for domestic production; 

- changing the supply of water, perhaps through climate change, as it impacts both the supply of water from 

precipitation and glacier melting, and as it impacts crop irrigation requirements (through increased 

temperature); the impacts of reducing the water supply by greater diversions of upstream riparians can also 

be simulated; 

- adding new water storage, or reducing the rate of sedimentation in current dams; 

- changing the allocation and diversion of water for irrigation (either within or between the mid and lower 

basins) 

- changing the allocation of water to the environment in the delta, via modifying Flow_Deltam in equation 

(22) 

- groundwater use policy, such as the introduction on limits to extraction due to concerns over sustainable 

use. 

It should be understood that no single scenario can be explored with the model described in this report as 

well as it can with a detailed process model of that particular effect. For example, this model cannot explore 

climate change impacts on water availability as well as the IRSM model (Stewart et al., 2018). What this 

model can do, however, is examine the relative importance of a wide range of scenario effects, all within a 

single integrated model. 

6.3 The potential of the model for exploring uncertainty 

Over the long run, things like trade and increases in crop yield become increasingly hard to predict. Long run 

projections are therefore characterised by uncertainty as much as by average or best-fit values. The model 

described in this report is based on simple expressions and is very quick to run. It is tailor-made for exploring 

uncertainty, perhaps via Monte-Carlo sampling (see for example the use of Monte-Carlo sampling in the 

application of the polder water and salt balance model, Mainuddin et al, 2020). A key question to explore is 

which processes or input variables are both important and uncertain in their impact. These are the processes 

and variables that will repay the greatest attention, both in research and in policy application. 
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