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Abstract:  Population growth and climate change are likely to impact upon food and water 

availability over the coming decades. In this study we use an ensemble of climate simulations 

to project the implications of both these drivers on regional changes in food and water. 

This study highlights the dominant effect of population growth on per capita resource 

allocation over climate induced changes in our model projections. We find a strong signal 

for crop yield reductions due to climate change by the 2050s in the absence of CO2 

fertilisation effects. However, when these additional processes are included this trend is 

reversed. The impacts of climate on water resources are more uncertain. Overall, we find 

reductions in the global population living in water stressed conditions due to the combined 

effects of climate and CO2. Africa is a key region where projected decreases in runoff and 

crop productivity from climate change alone are potentially reversed when CO2 fertilisation 

effects are included, but this is highly uncertain. Plant physiological response to increasing 

atmospheric CO2 is a major driver of the changes in crop productivity and water availability 

in this study; it is poorly constrained by observations and is thus a critical uncertainty. 

Keywords: climate; carbon dioxide; CO2 fertilisation; food security; water resources; 

population change; Africa 
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1. Introduction  

In 1972, ñLimits to Growthò [1] was published, which set about examining the future interactions of 

the global economy. It substantially influenced the sustainability debate and suggested the potential for 

ñovershoot and collapseò in the economy. The World3 model, basis for the arguments set out in 

ñLimits to Growthò, was one of the first integrated assessment models, in which feedbacks are 

permitted between different interacting components. In World3, among these were population, 

pollution and food production. Since the time of first publication, the emergence of climate change as a 

pre-eminent global issue has refined the scientific debate towards the interaction of climate change 

with population growth and food and water resources. A changing climate has been highlighted as a 

potential limiting factor in meeting the needs of a growing global population for food [2]. Agriculture 

consumes the vast majorityðaround 80%ðof human-appropriated freshwater resources [3]. As a key 

driver of agricultural production, water resources are critical for future global food security [4]. 

Irrigated land accounts for 19% of the global land under cultivation, but disproportionately supplies 

40% of the worldôs food production [5]. Irrigation is often seen as a possible adaptation strategy for 

agriculture to climate change and population pressure [6]. However, regionally, freshwater resources 

are under pressure due to demographic, economic and climatic drivers which results in a large 

proportion of the global population currently living in water scarce conditions [7]. 

There have been recent climate-related pressures upon food markets, such as through the crop 

failures of the Russian heat wave of 2010 [8] or drought conditions in Australia or the United States. 

Episodes of severe hunger periodically affect several parts of the world, notably in Africa where food 

security can be fragile and readily disrupted. These events have brought into focus how weather and 

climate can contribute to volatility in food security for the contemporary global population. In turn, 

food insecurity can have a range of far-reaching social, economic and geopolitical consequences. Food 

security is a multi-dimensional issue of availability, stability, utilization and access, but the influence 

of climate extends across each aspect [9]. 

The response of the global climate system to increasing greenhouse gas concentrations is manifest 

through changes in regional climates around the world and spatially-varying impacts on interconnected 

natural and human systems. Many previous assessments of the impacts of climate change have focused 

on time horizons towards the end of the 21st century, illustrating the effects of following different 

emissions pathways. However, uncertainties in climate change projections expand in the second part of 

the century, which reflects in part the growing uncertainties in the assumptions underlying the 

emissions scenarios, including population growth. Even if emissions were to be stabilised now, the 

pre-existing and long lived greenhouse gases in the atmosphere, the thermal inertia of the climate 

system and the timescales of change in socio-economic systems required to influence greenhouse gas 

emissions mean that there is likely to be ongoing warming for the coming decades. Hence some level 

of adaptation to climate change is required in the near term. 

In this study we focus on the 2050s as a timescale relevant to adaptation planning but still highlights 

potential changes in food and water resources under climate change. In addition, the analysis is carried 

out at the regional scale. Although food is a global commodity, and hence so is the embedded ñvirtual 

waterò, the freshwater resources required in the production process are local. Moreover, there are 

regional differences in degree and nature of the engagement with global food markets, and so a global 
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scale analysis may be inadequate for assessing the effects of the drivers considered here on food 

security. We use a large ensemble from the comprehensive HadCM3 climate model [10,11] to sample 

uncertainty in future climate and CO2 physiological response and the associated impacts on food and 

water resources. This ensemble also allows us to investigate the effects of CO2 on crop productivity 

and runoff through plant physiological response. The CO2 physiological response is fundamentally 

uncertain [12] and poorly constrained by observations, and so we sample this uncertainty within the 

modelling framework. The simulated changes in crop productivity and runoff are combined with 

population data to explore the important drivers of change and their interactions over the coming 

decades. Using simple metrics describing crop production and runoff per capita allows for the 

consideration of uncertainties and requirements for adaptation over the coming decades. Although this 

study aims to examine the large-scale uncertainties in potential food and water availability, more 

detailed work is required to make regional adaptation policy. 

2. Methodology 

The study uses a Global Climate Model (GCM) with the capability of simulating changes in plant 

productivity and the hydrological cycle. To capture the uncertainty in 2050s climate and the 

uncertainty in processes relating to the food and water cycles we use a 17-member perturbed physics 

ensemble driven by historical and future SRES (Special Report in Emissions Scenarios) [13] scenarios, 

which include changes in greenhouse gases, volcanic events, solar and ozone changes and natural and 

sulphate aerosol emissions (described in Collins et al. [14]). The warming projected by the perturbed 

physics ensemble under the B1, A1B and A1FI scenarios is shown in Figure 1. The A1 scenario is 

characterised by rapid economic growth in a partially converging world, two subsets of the A1 

scenario are used here: A1FI is the full intensity scenario with a strong emphasis on fossil-fuels as an 

energy source, and A1B is the balanced scenario with an emphasis on a range of energy sources. A 

second scenario, B1, is also used, which is characterised by a move away from carbon intensive 

industries to an information economy based on cleaner energy sources. By the 2050s the change in 

global mean temperature ranges from 1.2 to 2.8 °C, with the dominant uncertainty coming from the 

climate process modelling rather than the scenario uncertainty. Therefore, there is a clear need for 

socio-economic systems to adapt to future warming, independent of the particular scenario. As the 

scenario uncertainty is less than the physical climate uncertainty by the 2050s in this study we only 

look at the A1B scenario. It should be noted that none of these scenarios explicitly include efforts to 

mitigate future climate change: a future scenario which includes climate mitigation may have a 

significantly reduced level of warming by the 2050s. 

The A1B GCM simulations are used to make projections of future runoff and crop net primary 

productivity. This is combined with projected population data to make projections of food and water 

per capita as measures of stress. The population in 2050 is projected to be approximately 7.5 to 9.5 

billion (10 and 90% confidence interval [15,16], with a central estimate of 8.69 billion by the 2050s. 

To account for regional change in population we use the downscaled population density data from van 

Vuuren [17] consistent with the A1B climate scenario (Table 1 and Figure 2). 
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Figure 1. Global mean temperature change projected under the B1, A1B and A1FI SRES 

scenarios (Special Report in Emissions Scenarios) [13] relative to 1971ï2000. The bar plot 

shows the range in the 30-year climatology centred on the 2050s from the 17-member 

ensemble for each scenario. 

 

Table 1. Projected regional population (billions) in 2000 and 2050s from van Vuuren [17]. 

Region 2000 2050s 

Global 6.1 8.7 

Africa 0.78 1.9 

Australia 0.019 0.02 

Asia 3.7 4.8 

Europe 0.77 0.85 

North America 0.36 0.49 

South America 0.42 0.64 

Figure 2. The global distribution of population in 2000 and projected for 2050 [17]. 

 

To account for the area under cultivation we use a cropped area mask (Figure 3) fixed for the year 

2000 [18] and do not include any changes in land cover such as the expansion of cultivated area. 
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Figure 3. The global distribution of croplands in 2000 [18] re-gridded to the HadCM3 grid. 

 

In this study, to elucidate the importance of population as well as climatic changes, we consider 

three scenarios: (1) Climate changes according to the A1B scenario, population is kept constant at year 

2000; (2) population changes according to A1B scenario, climate is considered constant at 1971ï2000 

mean; (3) both population and climate follow the A1B scenario. In the climate change scenarios we 

consider both the radiative role of CO2 and its direct effects on crop productivity and runoff. Of the 17 

member GCM ensemble, 9 models include the direct CO2 effect. 

2.1. GCM Ensemble 

Future climate projections are subject to inherent uncertainties in climate process modelling.  

A typical approach to sampling uncertainty is to use a multi-model ensemble of climate simulations.  

A complementary approach and the method used here is the perturbed physics approach, which uses a 

single model structure [19]. Uncertainties in climate model responses arise largely as a result of how 

models represent sub-grid scale processes (model parameterisation). The perturbed physics approach 

explores uncertainties in these sub-grid scale processes by running multiple simulations of the same 

model, each assigning different values to key model parameters with multiple parameters perturbed 

concurrently [19]. The perturbed physics ensemble provides a systematic framework in which to look 

at implications of parameter uncertainty for future climate projections. On the global and regional 

scales this ensemble explores a similar range as current multi-model (CMIP3) ensembles for 

temperature and precipitation [14,20,21]. 

Inherent regional climate biases in GCMs have to be accounted for when making projections of 

future impacts, particularly in the case of food and water stress in which the absolute availability is 

important to understanding the impact. To account for these biases we take the projected change in 

crop NPP and runoff from each of the simulations and add them to an observation-based present day 

baseline. This approach makes the assumption that the future model response is independent of the 

present-day bias. In some cases this may not be true where model errors are significant: for instance, 

the ability to capture the dynamics of the Indian Monsoon varies across the ensemble, and those members 

that perform less well may be less reliable in their simulation of the future change in the Monsoon. 
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In summary, the perturbed physics ensemble approach provides a tool that can provide information 

on regional projection uncertainty that goes significantly beyond a single model response. It provides a 

useful framework to investigate uncertainty in climate impacts. One such uncertainty is the direct 

vegetation fertilisation and physiological response to changing atmospheric CO2 concentration.  

2.2. CO2 Fertilisation and Physiological Forcing 

As well as influencing climate through radiative forcing, increasing atmospheric CO2 concentrations 

can also directly affect plant physiological processes of photosynthesis and transpiration [22]. Therefore 

any assessment of the impacts of CO2-induced climate change on crop productivity should account for 

the modification of the climate impact by the CO2 physiological impact. The CO2 physiological 

response varies between species, and in particular, two different pathways of photosynthesis (named 

C3 and C4) have evolved and these affect the overall response. 

Elevated CO2 may also have the effect of increasing plant water use efficiency. Under higher CO2 

concentrations, the degree of stomatal openingðand hence conductanceðin plants can be reduced [22]. 

Therefore, for a given uptake of carbon, less water is transpired. The magnitude of this physiological 

forcing depends on the degree of stomatal control over evapotranspiration [23]. A number of  

field-based experiments have demonstrated the reduction of evapotranspiration in a CO2 enriched 

environment [24ï26]. Reduced evapotranspiration allows a relatively higher proportion of water to 

form runoff, a renewable water resource. A recent modelling study [21] found that the effect of 

including the physiological response to carbon dioxide is to increase available water at the global 

scale, and by the 2080s is projected to reduce the number of people living in high water stress by 

around 200 million compared to the projected changes from climate alone. The CO2 physiological 

effect is of a similar order of magnitude to the climate effect [21]. 

Corresponding to the reduction in evapotranspiration is an increase in productivity. The increase in 

productivity due to the CO2 fertilisation effect is demonstrated across a range of experimental approaches 

including chamber experiments and free-air carbon dioxide enrichment (FACE) experiments [27]. 

Photosynthesis in these experiments has been shown to increase by 30ï50% in C3 plants and 10ï25% 

in C4 species for the doubling of atmospheric CO2 [28]. 

In the ensemble used here, one parameter switch controls whether or not plants see a direct 

physiological response to increased atmospheric CO2 concentration. This is possible due to a coupled 

canopy conductance photosynthesis model [29], which represents the exchange of water and carbon 

dioxide at the stomatal level scaled up to the whole canopy. In this version of the GCM feedbacks to 

vegetation structure and distribution are not included. The distribution of vegetation is therefore 

constant throughout the simulations. All 17 members include the radiative forcing of atmospheric CO2 

on climate and 9 members (including the standard configuration) include the plant physiological 

forcing of CO2.  

The selection of plant physiological response to CO2 was not explicitly selected for in the choice of 

ensemble member parameters in the 17 models used, but was a consequence of selecting ensemble 

members for their reproduction of present day variables and their range of climate sensitivities. We 

refer to the two sub-ensembles, the first of which represents CO2 radiative effects on climate and the 

second represents both CO2 radiative and plant physiological effects, as ñRADò and ñRADPHYSò 
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respectively. The RADPHYS configuration is the standard setup for HadCM3 in terms of the CO2 

response. These ensembles both sample the case where the climate sensitivity to CO2 is low and hence 

the physiological effect, where it is permitted, would be expected to be relatively more pronounced 

than the radiative effect alone and vice versa. 

2.3. Runoff and Water Resources 

The approach used here follows that in Wiltshire et al. [21]. The runoff is taken directly from the 

GCM and used to force a 1 degree river routing model [30]. The simulated river flow is then bias 

corrected so the present day runoff matches a hybrid model observation global runoff data from Fekete 

et al. [31]. The projected river-flow is aggregated to the catchment and compared with population data 

to derive available water resource, which is defined as the climatological mean (2041ï2070) annual 

catchment discharge per capita. This study uses the conventional thresholds based on Falkenmark  

et al. [32,33] to define differing levels of stress. Populations living with less than 1,700 m
3
 per capita 

per year are defined as water stressed, less than 1,000 as highly stressed and less than 500 as extremely 

stressed. The stress calculations are performed on a catchment by catchment basis as an appropriate 

spatial unit defining water availability. 

2.4. Crop Productivity and Food Availability 

In the GCM used here, crops are simulated as C3 and C4 grasses, and processes relating to crop 

phenology and grain production are not included. This plant functional type approach to capturing crop 

variety is aimed at capturing the large-scale response; however at the regional and local scales crop 

variety becomes more important, as do other factors such as pests, disease, soil quality and nutrient 

availability. In some cases, particularly regions of the world with strong land-atmosphere couplings [34], 

the use of generic parameterisations developed at the global scale or the lack of local processes such as 

irrigation [35] may lead to significant local to regional climate biases as a result of error propagation [36]. 

The regional climate biases in the GCM simulated climate lead to biases in the simulated present day 

crop Net Primary Productivity (NPP). This is adjusted for by taking the anomaly in crop NPP between 

the 2050s 30-year mean and 1971ï2000 climatology and correcting to a new 1971ï2000 baseline. As 

no consistent baseline observation data are available we use the JULES [37,38] land surface scheme 

which is similar to the scheme used in HadCM3 driven with an observation based model forcing 

dataset [39] to generate a new 1971ï2000 crop NPP on the HadCM3 grid [39]. The area under crop 

production is for the year 2000 [18] and is aggregated up to a fraction of the HadCM3 grid (Figure 3). 

The present day fraction of C3 and C4 grasses is derived from a classification of the IGBP land-cover 

dataset. The area under cultivation is kept constant in the future and therefore we consider the 

implications of climate and population growth independent of any change in cultivated area. 

Despite the simple approach to crop processes this method gives a total Human Appropriation of 

crop NPP (HANPP) of 10.7 Gt C per year, which is comparable to 8.18 [40] and 7.5 Gt C per year 

(Vitousek, [41] as reported in Haberl [40]) of human harvest. Imhoff et al. [42] reported a slightly 

higher range of 8 to 14.81 Gt C per year including wood harvest. Uncertainty within these numbers 

arises partly due to the assumed areas of crop coverage used in the calculation and the exact definition 

of HANPP used. 
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Taking global annual production as approximately 65 Gt C [40] per year, [40] reveals that cropland 

production accounts for around 16% of global production. Including other forms of HANPP, Haberl  

et al. [40] estimated the fraction to rise to 28% of potential production. This demonstrates the sheer 

magnitude of the current impact of the global population on terrestrial ecosystems and the potential 

difficulties of adapting agricultural production to growing population and a changing climate. 

The measure of food used here is the regional cropland production per capita. This approach is 

limited as it only includes demand for food as a simple measure of population and food availability and 

therefore ignores the many socio-economic factors affecting food security. This is further complicated 

as crop production is not necessarily linearly related to crop yield or the nutritional value of the food 

produced. Furthermore, the use of two plant functional types to capture the full  range in crop variety is 

also a limitation. However, the utility in the approach used here is that it allows a controlled 

assessment of the effects of three important drivers of change. 

3. Results 

In this study for the year 2000 we find the global cropland photosynthetic production of 10.7 Gt C 

(Table 2) combined with a global population of 6.09 billion (Table 1) gives a global per capita 

potential of 1,772 kg C. The regional per capita potential varies between 1,290 in Asia to 4,313 kg C in 

South America (Table 2). This spatial variation reflects the regional production and the population 

size, and indicates a role for the global trade in food. Asia has by far the greatest cropland production 

but has the smallest per capita production due to its 4.78 billion population. Europe on the other hand 

is one of the least productive regions at 1,410 kg C per capita but as one of the highest per capita 

consumers of food [43] is therefore likely to be a large importer of produce from other regions. Africa, 

despite having larger per capita production than the global mean, is still a net importer of food [44]. 

This discrepancy is revealing of the complexities of food security that go beyond potential production 

into socio-economics. 

Table 2. Present day crop net primary production per capita. 

Region Crop total NPP (Gt C) Crop NPP (kg C per capita) 

Global 10.7 1,772 

Africa 1.79 2,290 

Australia 0.056 2,942 

Asia 4.83 1,290 

Europe 1.09 1,410 

North America 1.18 3,323 

South America 1.8 4,313 

In this study we find 3.1 and 2.6 billion people in the year 2000 living in moderate and high water 

stress, respectively (Table 3). This number is comparable to a range of 2.3 to 3.1, and 1.4 to 2.3 billion 

for moderate and high water stress as found in other studies [21,45ï48]. The vast majority of the global 

water stressed population is found in Asia, where nearly 2 billion people are currently estimated to be 

experiencing high water stress. Europe has around 66% of its population living with some level of 

stress according to this definition. However, these figures do not include virtual waterðthe trade of 
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water through products including foodðwhich may allow offsetting of this stress in some water-scarce 

regions [45,49]. 

Table 3. Present day water stressed population. 

Region Water Stressed High Water Stress Extreme Water Stress 

Global 3.13 2.67 1.56 

Africa 0.29 0.19 0.12 

Australia 0.013 0.0066 0.0063 

Asia 2.09 1.97 1.11 

Europe 0.49 0.29 0.19 

North America 0.067 0.06 0.035 

South America 0.15 0.12 0.071 

3.1. Climate Effect on Crop Productivity and Runoff 

Under climate change alone (Figure 4, RAD ensemble, top left), there are reductions in crop NPP 

throughout much of the global croplands, with some of the stronger declines seen in the tropical 

regions. This corresponds to a reduction in crop production of around 0.67 Gt C per year (Table 4) or 

approximately 6% of current production. However, this result is not just reduced but reversed by CO2 

fertilisation (Figure 4, RADPHYS ensemble, top right). Most regions display strong increases in crop 

production by the 2050s in RADPHYS, corresponding to a median increase of 2.1 Gt C per year. The 

increase in production in RADPHYS is global with strong increases particularly in South and East 

Asia, and tropical cropland areas of Africa. There is considerable uncertainty in the RADPHYS 

ensemble ranging from an increase of 1.8 to 2.7 Gt C per year.  

The effect of climate change on runoff is variable across the globe, reflecting changing atmospheric 

circulation patterns, precipitation and evapotranspiration. Across large areas, projections are for little 

change or for increasing runoff by the 2050s (Figure 4, bottom panel) in the median global ensemble 

member. However, in tropical central and South America as well as western and southern Africa and 

parts of Southeast Asia, there are large decreases in runoff projected. The dual effects of CO2 

(RADPHYS) as opposed to climate change alone (RAD) on runoff gives more mixed results than for 

crop NPP. However, in all regions we find increased runoff in RADPHYS with two exceptions: 

Australia has a smaller increase in RADPHYS relative to RAD but is still positive; South America has 

an overall decrease in runoff but this is smaller in RADPHYS than RAD. 

In Africa the decrease in runoff is not only reduced but reversed. In South America we find an 

overall decrease in runoff of ī413 m
3
 s
ī1

 in RADPHYS but a larger decrease of ī13,781 m
3
 s
ī1

 in the 

RAD ensemble. Globally, the RADPHYS median increase in runoff (108,225 m
3
 s
ī1

) is half as great 

again as in the RAD case (68,097 m
3
 s
ī1

). 
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Figure 4. The change in crop net primary productivity (masked for present day cropped 

areas) and runoff for the RAD and RADPHYS sub-ensembles. The data plotted is the 

median member of each sub-ensemble derived from the area-averaged global mean change. 

The data are 30-year mean climatologies centered on the 2050s relative to 1971ï2000. 

 

Table 4. Median projected changes in crop net primary production and runoff by the 2050s. 

Region 
Cropland Production Change (Gt C per year) Runoff Change (m

3
 s
ī1

) 

RAD RADPHYS RAD RADPHYS 

Global ī0.67 2.14 68,097 108,225 

Africa ī0.14 0.39 ī9,776 5,900 

Australia ī0.016 0.003 2,670 619 

Asia ī0.25 1.09 40,309 55,839 

Europe ī0.053 0.14 1,618 2,950 

North America ī0.026 0.29 34,214 43,482 

South America ī0.1 0.16 ī13,781 ī413 

In some ensemble members, we find stronger decreases in runoff in RADPHYS at the sub-continental 

scale where the direct physiological effect on plant stomata is offset by corresponding changes in 

circulation patterns which lead to reduced precipitation. However, in most cases and in all cases at the 

continental scale we find that water availability in RADPHYS is higher than in RAD. 
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3.2. Future Impacts on Food and Water Availability 

3.2.1. Climate Change 

Some of the regions where the largest magnitude changes in runoff are projected are in the wet 

tropics, which already have high runoff. Added to this, regions where population density is low  

(Figure 2) the per capita water resource allocation is higher. Therefore, even a large decrease in runoff 

does not necessarily limit the water resource of the people within that region. Hence areas such as 

northern South America that have plentiful water and low populations are projected to remain free 

from water stress in the futureðat least at the scale of the 30-year meanðeven though decreases in 

runoff are projected under climate change. Conversely, smaller magnitude changes can have large 

impacts in regions that currently have lower levels of runoff, particularly where population density is 

high. Thus, a different picture of water stress (Figure 5) and changes in water stress (Figure 6) can 

emerge from the projections of runoff (Figure 4). There are differences in projections of water stress 

that include the dual effects of CO2 compared with climate change alone (Figure 5, top right and top 

left, respectively) that may be explained by the increased water use efficiency of plants under higher 

levels of CO2 and hence upon runoff and water stress. We find in the RAD ensemble the global 

stressed population increases (by 119 million), but those experiencing high or extreme stress decreases 

(by 107 million). In the RADPHYS case stress is projected to decrease in all instances for the 

ensemble median (Table 5). The complexity and uncertainty in these results is apparent at the regional 

scale (Figure 6). The blue bars of the ñclimate onlyò simulations show that there is considerable 

uncertainty in the impacts of climate change on the population under different levels of water stress. 

Africa is projected to experience increases in water stress at all levels, although the direct effects of 

CO2 (hatched bars) mitigate this to some degree, while in Asia, there are large decreases in high and 

extreme water stress, and the direct effects of CO2 enhance these potential benefits. The variation in 

response of different regions to climate change is reflected in the global averages, although the general 

reductions in high and extreme water stress, as well as the beneficial effects of improved water use 

efficiency are dominated by the signal in Asia. 

The trends in food availability are much more consistent across all regions (Figure 6). There are 

uniform decreases in crop production (RAD), but this trend is reversed by the additions of direct CO2 

effects on plant physiology (RADPHYS), which leads to a generally strong positive impact on food 

resources. The median result is for a projected decrease of 6% in food per capita in RAD by the 2050s 

and an increase of 19% in RADPHYS. 

3.2.2. Population Change 

Regional population is projected to increase in every region of the world (Table 1), with the greatest 

increases occurring in Africa and Asia making those regions particularly vulnerable to climate change. 

Globally we expect population growth to significantly decrease the per capita cropland production by 

around 30% (Table 5) in the absence of changes to cultivated area or adaptation or climate change. 

Africa is particular severely hit with a greater than 50% decline in crop production per capita. There 

are similar implications for water security, with a projected global increase of 2.5 billion people (Table 6) 
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experiencing some level of stress in the future. The proportion of the global population experiencing 

extreme stress increases from 18% to 32% by the 2050s, an overall increase of 1.2 billion people.  

Figure 5. Projected water stress in the 2050s for the RAD and RADPHYS sub-ensembles. 

The data plotted show the effect of climate change only (2050s climate and year 2000 

population distribution), climate change and population (2050s climate and 2050s population 

distribution), and population change only (1971ï2000 climate and 2050s population). 

 


