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Preface 

For its 'Environment-Economics-Policy-2'studies, the Netherlands Scientific Council for Govern­
ment Policy (WRR) formulated alternative basic attitudes of societies towards sustainability. 
Even though significant economic and cultural developments are expected in all societies and 
countries, a risk-accepting, optimistic outlook on sustainability has substantially different 
implications from a risk-avoiding, pessimistic view. Such alternative concepts have implications 
for the way in which limitations to resources are perceived and dealt with. The WRR attempts 
to translate such alternative concepts into broad frameworks of technical and economic 
environments, and to quantify their implications for use of major resources in the year 2040. 
Results permit to outline the window of realistic options for development of societies, and to 
identify the resource(s) that constrain development in any of these concepts. 

The WRR commissioned and funded partial studies to quantify implications for use of limited 
resources, including energy and land for agriculture and nature. The DLO Research Institute 
for Agrobiology and Soil Fertility (AB-DLO) was requested to determine requirements for food 
production, and to compute the minimum land area required for agricultural production, as­
suming an optimum level of agricultural management. The environmental impact of agricul­
ture was to be estimated as well. As agricultural production in large areas of the world is 
severely restricted by the availability of irrigation water, another study was assigned to Delft 
Hydraulics (WL) to quantify the amount of fresh water available for agriculture in the world. 
Where water proved to be limiting, production was adjusted accordingly. 

Initially, a rather short period (7 months in 1992/93) was available for the food production 
study, which made it necessary to quickly model and integrate data that were readily acces­
sible. From the start, it was therefore clear that refinements could not be made. Within the 
framework of research on 'eco-regional approaches', and based on the 1992/93 research re­
sults, AB-DLO performed additional research in order to improve the overall quality and appli­
cability of the results. This second research period (6 months in 1994/95) was financed by the 
Directorate General for International Cooperation (DGIS) of the Netherlands Ministry of Fo­
reign Affairs. Contacts and discussions throughout the research period allowed the AB-DLO, 
WL and WRR to interact closely. 

The WRR used the results partly for their advisory report 'Sustained risks: a lasting phenome­
non' (WRR, 1995) to the Dutch government. The full results are presented in this report and 
partly in the report 'Global water availability for future irrigated agriculture' (WL, 1992), and 
selections in a number of publications and symposium papers (Penning de Vries étal., 1995a,b; 
Luyten et al., 1995). 

The following persons are acknowledged for their contributions: 

• P.S. Bindraban (AB-DLO), who performed the 1992/93 research and wrote a draft report 
that has been used as the basis for this report; 

• H. van Keulen and F.W.T. Penning de Vries (AB-DLO), who supervised the study during the 
entire 1992/95 period, gave many constructive comments by discussing the research ap­
proach and results, and by reviewing the draft reports, and contributed to the publications 
written on this study; 



J.P.M. Dijkman, M. de Savomin Lohman, R. van Buren, and M. Vis (WL), who performed the 
water availability calculations, and provided us with their data and report; 
O.C.H. de Kuijer and W.J. ter Keurs (WRR), who were our contact persons with the WRR, 
and shared their expert knowledge in translating policy views into appropriate research 
objectives and assumptions, and in interpreting research results. 

J.C. Luvten 
Wageningen, April 1995 



Summary 

Is there an upper limit to global food production? 
Before any planning exercise, it is necessary to carry out an explorative study and to determine 
the ultimate limits. Global food production could be such a limit for global development. Glo­
bal food production, so far, has shown a continuous increase because the cropped area ex­
panded and hectare yields increased. In some regions of the world, however, there is little 
scope for further spatial expansion of agriculture. In other regions crop yields stagnate. Does 
this imply that the world is approaching the limits of food production? The observation of de­
creasing growth in global food production should not mislead us into thinking that we have 
nearly approached that limit. In this study we argue that, while there is an upper limit to food 
production, global agriculture is still far away from it, and that for the world population in 
2040 food security will be ensured. 

The approach in this study 
Maximum world food production studies are not new. We added to previous analysis a discus­
sion on alternative agricultural production systems and human consumption patterns, and 
used more precise information about climate and soil and water resources. For the year 2040, 
food demand is estimated for 15 major regions of the world, based on the population estima­
tes and the human consumption pattern. It is compared with the potential food production in 
these regions, which is derived from the area with soils suitable for cropping and grazing, the 
climatological conditions, the amount of irrigation water available, and the farming system 
used. 

Weather, soil and water data 
Global climate data have been used from the Müller climate database, which consists of ap­
proximately 700 weather stations. Global soil data have been used from a NASA soil map, 
which consists of 15413 records (i°x1° grid cells) subtracted from the FAO/UNESCO Soil Map 
of the World. A simple procedure has been used to determine the areas potentially suitable for 
arable farming and grassland, as detailed global soil suitability data were not yet available at 
the time of the study. Monthly discharges of a large number of major river basins were deter­
mined from information of EPA and GRDC. Subtraction of the amount of water required for 
domestic and industrial use gave the availability of irrigation water per basin. 

Food demand 
As population predictions are speculative, three population growth scenarios based on United 
Nations demographic studies have been considered: a high, a medium and a low growth sce­
nario. By the year 2040, the world population will be roughly doubled, and then probably sta­
bilize. Additionally, it has been examined whether the world population can be fed according 
to an affluent, moderate or vegetarian diet. All diets are considered completely healthy, but 
they differ in protein and energy intake and, consequently, in the amount of plant biomass 
required. To relate food demand to food production, diets have been converted into equiva­
lent amounts of grain. 



Food production 
Two alternative agricultural production systems are considered: a high external input (HEI) sys­
tem and a low external input (LEI) system. The HEI system is characterized by a high degree of 
mechanization and use of significant amounts of nitrogen fertilizer and biocides. It is expected 
that environmental damage can be limited to acceptable levels, so that this way of farming is 
ecologically sustainable. In the LEI system, such practices are considered to be not sustainable, 
hence agriculture should be practiced at a lower level of intensity, with restricted use of mech­
anisation. Legume crops should provide all nitrogen, and no biocides are used. In the latter 
farming system, crop yields are significantly lower. In both systems, potassium and phospho­
rous availability to the crop is assumed optimal, and farmers are assumed to be skilled, well-
informed and to apply the best known techniques for inputs use and sustainable farming 
('best technical means'). Technical coefficients for defining these productions systems have 
been derived from current production systems in The Netherlands, and adapted as necessary. 

Food production is based on production of a standard crop with characteristics of current 
major cereal crops and grass. Crop yield is computed with a relatively simple crop growth 
model, in which growth is determined by temperature and radiation. Application of more de­
tailed models is not justified, because only very global data are available and a 'standard crop' 
is considered. The model has a soil water balance to estimate the irrigation water requirement. 
A detailed nitrogen balance has been added to quantify the requirement for nitrogen fertil­
izer (HEI system) or the nitrogen supply through fixation by legumes (LEI system), and nitrogen 
losses through leaching. Arable farming is much more demanding in terms of suitability of 
soils than grassland. Therefore, we first compute production of arable crops, and then produc­
tion of grass on soils only suitable for grassland. 

Global food production in absolute terms 
The absolute maximum global food production is the production (from grassland and crop­
land) if potential yields can be attained everywhere and if all cropping land can be irrigated. 
This would be 84 and 31 billion ton (grain equivalents) for the HEI and LEI systems, respec­
tively. However, as availability of irrigation water is limited, the attainable maximum global 
food production is lower, 72 and 30 billion ton for HEI and LEI systems, respectively. This is 
about 20 to 10 times the current global production of 4 billion ton. Using all fresh water avail­
able to agriculture for irrigation, 65% of the land suitable for cropping can be irrigated in the 
HEI system, and even 92% in the LEI system (grassland is not irrigated). Irrigated crops 
contribute about 50% of the production totals in both production systems. 

Differences among regions are very large. South America has a huge potential food plus feed 
production which results from a very large area of suitable soil, a favourable climate and abun­
dant water. Clearly, this includes production on soils currently covered with rain forests. On 
the other hand, Northern and Southern Africa and for Western Asia have very low values, 
which are due to poor soils and very limited fresh water resources. 

Food supply versus food demand 
It becomes even more interesting if the maximal food production is compared with the poten­
tial food demand. Nine food demand scenario's were analysed, ranging from minimum popu­
lation growth combined with a vegetarian diet (minimum demand), via medium population 
combined with a moderate diet (medium demand), to maximum population growth combined 
with an affluent diet (maximum demand). Global self-sufficiency indices (ratio food supply/ 
demand) range from 4.2 to 19.7 for HEI, and from 1.8 to 8.4 for LEI. 



The above mentioned global self-sufficiency ratios imply world-wide transport of food from 
surplus to deficit regions. If each region would produce not more than required to feed its 
own population (regional self-sufficiency), and not food would be transport between regions, 
the food security situation changes considerably. 

When HEI-agriculture is practised, all regions can produce food required for an affluent diet, 
except for East, South and West Asia. Also Southeast Asia and West and North Africa come 
close to the lower limit. A less expensive diet provides the only option for escape. The three 
regions with the least leeway will carry almost half of the global population. Europe, the for­
mer USSR, the American regions and Central Africa are well off and need only a part of the 
suitable land to feed their populations. 

Practising LEI-agriculture, only South Asia will always have food shortage. In this heavily 
populated region, there is no way out via less expensive diets or lower population growth. 
Europe could grow all its food on less than half of its suitable soils if the LEI system goes with 
the low food demand scenario. Only the former USSR, North and South America, Central 
Africa and Oceania can consider to offer its population an affluent diet. 

Environmental impact 
Significant levels of groundwater pollution with nitrate seem to be unavoidable in both pro­
duction systems. In absolute terms, both production systems cause about the same pollution, 
but per unit of product, pollution is lower in HEI systems. 

Uncertainties, assumptions and other neglected factors 
The results leave ample room for discussion. Estimates of yields and production levels are not 
accurate, and further improvements in crop production technology irrigation technology are 
possible. The amount of water currently available for irrigation can be approximated, but it 
might change significantly due to changes in regional runoff, land use patterns, or climate. It 
has been particularly difficult to obtain global data on the soil type of surface areas, and on 
the suitability of these soils for arable farming. We consider the lack of detailed global soil 
data as the single most important factor that should be improved for upgrading the quality of 
future studies on the potential production of world agriculture. 

We did not take into account the effect of ecological constraints, social and cultural barriers, 
and economical and political conditions on the food security situation. It is hardly possible to 
quantify these effects. Also, because of such constraints, the assumption of 'best technical 
means' of farming might be unrealistic in some regions, even within 40 years. 





Introduction 

The United Nations projected population growth into the next century and expects the world 
population to stabilise around the year 2040. The world will then carry about twice more hu­
man beings than in 1990 (United Nations, 1992), many of whom will require twice or thrice 
more food. Can the planet Earth provide enough food through socially acceptable ways of 
farming without sacrificing its natural resources? 

Computation of the potential for food production in the world has been the topic of many 
studies. One of the first major studies was performed by Buringh er al. (1975). They estimated 
the maximum world food production under optimal agricultural conditions at 50 billion ton, 
enough to feed at least 30 billion persons, and showed large differences among the conti­
nents. Other studies confirmed these views in more or less detail. 

Better knowledge of soils, fresh water resources, and crop performance allows us to improve 
this estimate. We added also rangelands as a potentially major source of food. Global changes 
in soil and climate make people wonder whether food production is threatened. Furthermore, 
questions are posed whether top yields achieved at experiment stations can be achieved at 
large scale and maintained (World Resources Institute, 1994). Recent studies point at limits 
much below 30 billion human beings, some even as low as the current population of just 5 bil­
lion (Pinstrup-Andersen, 1994; Brown and Kane, 1994; World Resources Institute, 1992, 1994). 
Heilig (1993) argues that the carrying capacity of the earth is a dynamic equilibrium, deter­
mined by human action: we can produce enough food for a doubled or tripled world popula­
tion, but that requires fundamental political, cultural, social and economic changes, especially 
in Africa, Asia and Latin America. 

In this study we do not focus only on the most pessimistic or optimistic view on land use, food 
production and food demand, but we consider alternatives. A first set of alternatives is the size 
of the population, for which we used the UN minimum, medium and maximum estimates 
(United Nations, 1992). The second set of alternatives refers to the demand for food, which is 
the product of population size and per capita consumption. Three different consumption lev­
els were considered: a vegetarian, moderate and affluent diet. All diets are considered com­
pletely healthy, but the affluent diet requires more than three times as much plant biomass as 
the vegetarian diet. 

Thirdly, we address two alternative types of farming, based on contrasting views with respect 
to the use of land. In the first view, society takes risks and is optimistic about the robustness of 
agriculture and environment, and farmers aim at maximum yields for minimum prices. Agri­
cultural practice is characterized by a high degree of mechanization and use of significant 
amounts of nitrogen fertilizer and biocides. It is expected that environmental damage can be 
limited to acceptable levels, and that this way of farming is ecologically sustainable. This agri­
cultural production system is called the 'High External Input system' (HEI). In the second view, 
such intensive practices are considered to be not sustainable, hence agriculture should be 
practised at a lower level of intensity, with restricted use of mechanisation. Legume crops 
should provide all nitrogen, and no biocides are used. Consequently, crop yields are signifi­
cantly lower, but product quality (and hence prices) higher, and impact on the environment 
lower. We call this the 'Low External Input' system (LEI). In both systems, potassium and phos-
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phorous availability to the crop is assumed optimal, and farmers are assumed to be skilled, 
well-informed and to apply the best known techniques for inputs use and sustainable farming 
('best technical means'). 

Several other choices had to be made, among which the level of detail. Availability of time, 
data and knowledge urged us to simplify the study very much: only a single 'standard crop' is 
considered (implying, among others, that cereals, grasses and legumes reach similar yields); soil 
qualities and characteristics were considered uniform within a 1°x 1" grid cell, and climate on 
an even larger scale. Average monthly river discharges and weather data were used. It is as­
sumed that no significant changes in crops, soils, river discharges and climate occur within the 
time-frame of the study. Results are presented for the whole world and for 15 major regions of 
the world (Map 1.1). These 15 regions comprise the 19 regions distinguished in the UN popu­
lation study (United Nations, 1992); we have added the very small area of the Caribbean to 
Central America, and grouped the four European regions into one. 

We studied the availability of water for irrigation purposes and investigated in which way irri­
gation water could be made available in a sustainable way. Total runoff of a large number of 
rivers was calculated on a monthly basis and simple water balances were applied in which the 
availability of water was confronted with the demand. Total water demand consists of the 
demand for domestic use, industrial use, agricultural use (mainly for irrigation), and a use for 
water related to other functions of the water resources, like minimum flows to abate excessive 
water pollution or prevention of saline water intrusions at river mouths. In the allocation of 
the available water to the various users, priority was given to domestic and industrial water 
use. The remaining water was allocated to agriculture in such a way that 25% of the water 
available for irrigation returned to the river system to account for the other uses and functions 
of the water resources system. 

The key objective this study is to determine, for each combination of agricultural practices, di­
ets and population sizes, the maximum number of people that can be supported in each re­
gion, and whether food demand can be met in those regions. We will look at the situation for 
the world as a whole (implying unlimited trade and interregional transport of food), and by 
region separately. Furthermore, the impact of agriculture on the environment (pollution) is 
approximated by estimates of the amount of nitrogen leached to the groundwater and the 
amount of biocides used. 

To compare expected food consumption and potential production, we express both in grain 
equivalents (GE's), a hypothetical weight unit. In the production process, it refers to the quan­
tity of dry grain that would be produced if only one type of crop were grown (a cereal), plus 
the amount of grain that needs not to be produced because of the food (grass) harvested from 
land not suitable for arable farming; the latter product requires conversion via animals for 
human consumption. In the consumption process, GE's refer to the amount of cereals needed 
as raw material for the food consumed, plus the 'opportunity cost' to grow food that cannot 
be produced via 'grain' (e.g. fruit). 

Chapter 2 describes three population growth scenarios, three consumption patterns, and the 
resulting food demand scenarios which have been considered. Chapter 3 explains the basic 
weather and soil data that have been used. Chapter 4 describes the two agricultural produc­
tion systems. The technical coefficients that characterize these systems are given and justified. 
The calculation procedures for the assessment of land suitability for agriculture, identification 



of growing seasons, crop production, and environmental impact are explained. The nitrogen 
balance in the model is set out in detail. In Chapter 5, the global water use and the availability 
of irrigation water is reviewed. Chapter 6 describes the methodology how the different infor­
mation is integrated to calculate the world food production. Chapter 7 presents the results of 
the computations. Maximum production levels are presented and compared with potential 
food demand, for each region, and for the world as a whole. Chapter 8 discusses the underly­
ing assumptions of this study, the results, and some consequences of the implementation of 
these results on society and environment. In Chapter 9, some technical aspects of the model 
software are briefly explained, and a flow diagram of the model is given. 
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2.1 

World population and food require­

ment 

Population growth scenarios 

(Source: Delft Hydraulics, 1992). 

Future population size determines future food requirement, and is therefore considered the 
driving force behind production volumes and fresh water demands required in the future. This 
study, therefore, requires information on the future population size of all countries in the 
world. 

The United Nations (1992) published population projections for various growth scenarios for 
the year 2025 for every country, and estimates for the year 2150 for nine major areas in the 
world (Europe, Northern America, Oceania, USSR, Africa, Latin America, China, India, and 
other Asia). The total projected world population for the low, medium and high growth sce­
nario is illustrated in Figure 2.1. 

Billion people 

1950 1975 2000 

low growth 

2025 2050 

year 

2075 2100 2125 2150 

medium growth — * — high growth 

Figure 2.1 UN population estimates for low, medium and high growth scenario's (1950-2150). 

Figures 2.2a and 2.2b present graphs of the projected population size for the nine regions for 
the period 1950-2150, assuming a medium population growth. 
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3500 
Million people 

2150 

Other Asia 

Figure 2.2a UN population estimates for the developing world, medium growth scenario (1950-2150). 

600 
Million people 

100 -

2150 

Europe North America Oceania (former) USSR 

Figure 2.2b UN population estimates for the developed world, medium growth scenario (1950-2150). 

From the year 2000, the UN published only populations projections in steps of 25 years. For the 
year 2040, the time horizon for this study, we estimated population projections per country by 
linear interpolation between the 2025 and 2050 projections, assuming the same population 
growth rate for countries located in the same region. This assumption had to be made since no 
further information on this topic was available. For the low, medium and high growth sce­
nario, population estimates for all countries are given in Appendix A. The results for the 15 
major regions used in this study are presented in Table 2.1. 
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Table 2.1 Population (in millions) of 15 major regions of the world in 1990, and estimates for 2040 
for a low, medium, and high growth scenario. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Region 

South America 

Central America 

Northern America 

Northern Africa 

Western Africa 

Central Africa 

Eastern Africa 

Southern Africa 

Oceania 

Southeast Asia 

Eastern Asia 

Southern Asia 

Western Asia 

(former) USSR 

Europe 

World 

Population [million people] 

1990 

296.7 

151.4 

275.9 

140.6 

193.7 

70.1 

196.9 

40.9 

26.5 

444.8 

1335.6 

1200.6 

131.8 

288.6 

498.4 

5292.5 

2040 

Low 

growth 

481.1 

249.7 

274.1 

276.6 

466.4 

190.1 

537.0 

88.7 

32.2 

657.7 

1502.8 

1964.5 

248.9 

323.2 

436.6 

7729.6 

Medium 

growth 

557.8 

295.7 

327.9 

342.9 

634.9 

240.4 

678.7 

100.3 

37.2 

819.6 

1770.4 

2408.1 

323.6 

369.0 

497.6 

9404.1 

High 

growth 

662.9 

346.8 

397.6 

418.5 

797.6 

285.6 

841.6 

122.6 

44.5 

1005.2 

2098.3 

2888.5 

398.8 

418.8 

563.4 

11290.7 

2.2 Consumption patterns 

The world food requirements are calculated for three different food consumption patterns: a 
vegetarian diet, a moderate diet, and an affluent diet. The composition of these diets in 
amounts plant, dairy and meat products is given in Table 2.2. The vegetarian and moderate di­
ets are considered representative for a moderate consumption pattern, and are satisfactory di­
ets as defined by Bakker (1985). Trends in food intake in developed countries show increased 
meat consumption during the last decades (Van Latesteijn et al., 1992). Extrapolation of these 
trends til l 2040 seems unrealistic. The affluent diet is therefore considered to be the upper 
limit of food consumption, and will mostly be found in rich societies. This diet was-also used in 
a recent study on the European Community (WRR, 1992). 

The minimum daily caloric intake for an adult is 10 MJ (Bakker, 1985) and daily protein re­
quirement is on average 1.0 g per kg bodyweight (Passmore and Eastwood, 1986; Voedings­
raad, 1989). In addition to the energy requirement. Bakker (1985) specified quality criteria for 
a minimum diet, based on US dietary standards (Anonymous, 1977). The more detailed set of 
daily requirements for an adult person comprises an energy intake of 10 MJ; to account for 
other nutritional requirements, at least 12% of the energy is to be supplied in the form of 
animal or vegetable protein, less than 30% as fats (but with at least 10 g poly-unsaturated 
fatty acids), and not more than 10% in calorie concentrates, like sugar and derived products. 
These requirements are met in both the vegetarian and moderate diet, and are more than met 
in the affluent diet. No attention is paid to imbalance or over-consumption. 
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Table 2.2 Average daily per caput consumption, energy intake and protein intake for a vegetarian, 
moderate and affluent diet. CF: Conversion Factor of food (fresh weight) to grain (dry 
weight). These values differ between the diets because of a different composition of the 
diets (see Appendix B). GE: Grain Equivalents (g dry weight d"1). 

Vegetarian diet 

Plant products 

Dairy products 

Total 

Moderate diet 

Plant products 

Meat products 

Dairy products 

Total 

Affluent diet 

Plant products 

Meat products 

Dairy products 

Total 

Consumption 

tgd-1 ] 

1335 

122 

1457 

1134 

23 

469 

1626 

938 

225 

354 

1517 

Energy 

intake 

[kJd-1] 

9356 

693 

10049 

7725 

296 

2025 

10046 

6685 

2843 

2012 

11540 

Protein 

intake 

[g d'1] 

66.7 

8.6 

75.3 

50.0 

3.8 

27.4 

81.2 

28.9 

36.7 

26.5 

92.1 

CF 

[kgGE/ 

kg prod] 

0.8 

2.6 

0.92 

0.8 

9.4 

2.4 

1.45 

1.2 

8.5 

3.3 

2.77 

GE 

[gd"1 ] 

1053 

286 

1339 

908 

215 

1232 

2355 

1138 

1907 

1161 

4206 

The diets are composed of plant, dairy and meat products, each product with its specific con­
version factor for G E's. Those conversions factors are the weighed averages of the conversion 
factors of the various products of that product group (see Appendix B). GE's refer to the 
amount of cereals needed as raw material for the products, plus the 'opportunity cost' to grow 
food that cannot be produced via 'grain' (e.g. fruit). A more detailed specification of the diets 
would not improve the quality of the analysis, as accurate information on the conversion fac­
tors is not available. 

The amount of grain required for the affluent diet is almost twice that for the moderate diet 
and nearly four times that for the vegetarian diet. Daily per capita food requirements are set 
at 1.3, 2.4 and 4.2 kg GE (dry mass) for the vegetarian, moderate and affluent diet, respec­
tively. 

2.3 World food requirements 

Total annual food requirement per region is the product of the annual food requirement per 
caput and population size. Estimates for the amount of grain required to feed the world 
population in 2040 is shown in Table 2.3. Data are given for every combination of the three 
diets and the three population sizes. 
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Table 2.3 Estimates for the total world food requirement (109 kg GE yr~1) in 2040, for every combi­

nation of the three population growth scenario's and the three diets. 

1 

2 

3-

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Region 

South America 

Central America 

Northern America 

Northern Africa 

Western Africa 

Central Africa 

Eastern Africa 

Southern Africa 

Oceania 

Southeast Asia 

Eastern Asia 

Southern Asia 

Western Asia 

(former) USSR 

Europe 

World 

Vegetable diet 

Low 

pop. 

228 

118 

130 

131 

221 

90 

255 

42 

15 

312 

713 

932 

118 

153 

207 

3668 

Med. 

pop. 

265 

140 

156 

163 

301 

114 

322 

48 

18 

389 

840 

1143 

154 

175 

236 

4462 

High 

pop. 

315 

165 

189 

199 

378 

136 

399 

58 

21 

477 

996 

1371 

189 

199 

267 

5357 

Moderate diet 

Low 

pop. 

421 

219 

240 

242 

409 

167 

470 

78 

28 

576 

1316 

1721 

218 

283 

383 

6771 

Med. 

pop. 

489 

259 

287 

300 

556 

211 

595 

88 

33 

718 

1551 

2109 

283 

323 

436 

8238 

High 

pop. 

581 

304 

348 

367 

699 

250 

737 

107 

39 

881 

1838 

2530 

349 

367 

494 

9891 

Affluent diet 

Low 

pop. 

738 

383 

420 

424 

715 

291 

823 

136 

49 

1008 

2304 

3012 

382 

495 

670 

11849 

Med. 

pop. 

855 

453 

503 

526 

973 

369 

1040 

154 

57 

1256 

2714 

3692 

496 

566 

762 

14416 

High 

pop. 

1016 

539 

610 

642 

1223 

438 

1290 

188 

68 

1541 

3217 

4428 

611 

642 

864 

17309 
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Weather and soil data 

3.1 Weather data 

The International Institute for Applied Systems Analysis (NASA) has recently examined the exis­
tence and quality of several collected weather records (Leemans and Cramer, 1991). These re­
cords varied considerably in quality of the weather data, station density, and total area cov­
ered by the available weather stations. The 'Global Climatic Data for Vegetation Science' by 
Muller (1982, 1987), a global set of long-term monthly average values of weather variables of 
978 meteorological stations, turned out to be a high quality database, even though the data 
set contains only relatively few stations. For most stations the series of observations are based 
on a standard record length obtained for the period 1931-1960. If the time-span is shorter than 
30 years, data were mostly collected during the sixties and seventies. Based on the Muller da­
tabase, the IIASA Climate Database was developed (Leemans and Cramer, 1991). 

The weather database used in this study was derived from the Muller database. It has been 
composed and used by Stol et al. (1991) for another agro-ecological characterization study. 
To make the Muller data available for simulation in a flexible way, the data files were trans­
formed into the format of the CABO/TPE Weather System (Van Kraalingen et al., 1990). The 
weather data were analysed for quality control (Stol et al., 1991). A short program was made 
to check a number of consistencies in the data, and a statistical procedure to alert on skew 
distributions of weather variables. The IIASA database was used to adjust records with data 
values that were missing, extreme or incorrect. 

The weather files contain data (average monthly values) on the following variables: 
- minimum daily temperature (°C) 
- maximum daily temperature (°C) 
- daily irradiation (kJ m"2) or daily sunshine duration (hours) 
- monthly precipitation (mm) 
- monthly number of days with more than 0.1 mm precipitation (-) 
- early morning vapour pressure (kPa) 
- mean wind speed (m s"1) 

In addition a weather file contains the name, country, longitude, latitude and elevation of the 
weather station, and two regression parameters for the Angstrom formula (this formula is 
used to estimate daily irradiation from data on sunshine duration (Black etal., 1954)). 

Minimum and maximum temperatures are needed to identify potential growing seasons (see 
Section 4.2). Both temperatures and irradiation (or sunshine duration) are needed to calculate 
the potential production (see Subsection 4.4.2). For the quantification of water limitation, the 
mean monthly precipitation and number of days with precipitation are required (see Subsec­
tion 4.4.3). Early morning vapour pressure and mean wind speed are not used in the model. 
Mean monthly values of the weather variables in the Müller database were assigned to day 
numbers at the middle of the months. 


