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Abstract Climatic change through global warming and

drought is a major issue for agricultural production. Most

researchers who discuss the effects of such changes on

agriculture report estimated yield changes based on crop

process models. However, studies focusing on the impact

of climatic change on agricultural product markets are very

rare. This paper examines the relationship between climatic

change and world food markets, i.e., the supply and

demand of crops, by using a stochastic version of a world

food model, the International Food and Agricultural Policy

Simulation Model. The results suggest that variations in the

production of maize and soybeans in some major produc-

ing countries will be large, and variations in the producer

prices of all crops will increase. Countries that suffer

higher price risk because of high sensitivity to temperature

fluctuations may need to consider changes in cropping

patterns.

Keywords World food model � Stochastic model �
SRES A2 � Global warming

Introduction

Working Group I (WGI) of the Intergovernmental Panel on

Climate Change (IPCC) reports that the average air tem-

perature at the end of the 21st century will rise by 4.0�C

from current levels, according to the fossil energy intensive

scenario. Agricultural production will be affected by global

warming through changes in yields and market prices. The

dominant factor in rising temperature is the increasing

concentration of carbon dioxide (CO2), which represents

the greatest exhaust quantity among the greenhouse gases

(GHG) and has increased in volume from 280 ppm in the

pre-industrial period to 379 ppm in 2005.

Increasing the concentration of CO2 activates plant

photosynthesis. Hasegawa et al. (2005) conducted field

experiments in free-air CO2 enrichment (FACE) and

reported that, if CO2 concentration increases an additional

200 ppm over the current level, the yield of rice will

increase by about 15%. Yields of other crops such as wheat

and soybeans will increase at the same rate; these yield

increases at a higher CO2 concentration are known as the

fertilizer effect. Furthermore, water requirements will

decrease because stomas shut a little under these conditions

(Yoshimoto et al. 2005).

Increasing the concentration of CO2 leads to positive

impacts on crop growth; at the same time, however, the

higher temperatures of global warming can obstruct crop

growth. The rise in temperature shortens the growth period

due to early flowering and fruit-bearing, and decreases the

nourishment sent to the seed due to increased respiration;

hence, seeds may not fully develop. Furthermore, high

temperatures during the flowering period cause spikelet

sterility. In the case of Japanese rice, it becomes difficult

for the anther to tear when the air temperature is over 34�C,

preventing pollination.

In addition to the effects on plant physiological func-

tions, increases in damage from diseases and harmful

insects are anticipated. It has been suggested that an

expansion of soybean cyst nematode and gray leaf blight in

maize is probably caused by global warming (Rosenzweig

et al. 2000).
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Given these various effects, will producers and con-

sumers of farm products be negatively impacted by global

warming, or not? In an analysis by Jones and Thornton

(2003), yield changes due to global warming are calculated

using a crop model which estimates dry matter production.

While this type of analysis is suitable for estimating regional

impacts on crop production, it focuses only on dry matter

production and does not reflect farmers’ economic behavior.

If farmers anticipate that the farm price of a crop will rise in

the next year, they will increase the planted area of that crop.

When the impact of global warming on agricultural

markets is analyzed, it is necessary to consider the farmers’

supply response. Parry et al. (1999) analyzed the impact of

global warming on world food security using a supply and

demand model including both supply response models and

crop models. The analysis is quite logical, but the structure

is complicated and the parameters of the crop model are

undisclosed.

In addition to the issue of rising temperature, fluctua-

tions in agricultural production due to global warming

should be considered when evaluating food security.

Recently, the frequent occurrence of extreme weather

events, such as droughts and floods, has threatened farm-

ers’ income. Global warming probably influences the

circulation of the ocean and the atmosphere, and may lead

to extreme weather events of this sort (IPCC 2007).

Considering such variations in production, a stochastic

model approach is useful for realistic analysis. Tyers and

Anderson (1992) extended their agricultural trade model to

a stochastic model by including supply functions with error

terms, and 200 sets of normally distributed random num-

bers were added to the error term. Their work demonstrated

the policy implication that trade reduces commodity price

fluctuations. Furthermore, some stochastic analyses using

supply and demand models of agricultural products have

been developed by the Food and Agricultural Policy

Research Institute (FAPRI) for evaluating schemes to sta-

bilize farm income. Along the same lines, Furuya and

Meyer (2008) applied a multivariate stochastic model for

evaluating the impact of water supply changes on the rice

market in Cambodia.

Based on such research, this paper examines the possible

effects of climatic change, focusing on global warming and

its impact on world agricultural product markets, by using

a stochastic version of the world food model developed by

the Japan International Research Center for Agricultural

Sciences (JIRCAS). The basic world food model was

developed by Oga and Yanagishima (1996) and is extended

to a stochastic model considering correlations among

countries’ temperatures and rainfall. The term of the out-

look is 25 years, which is considered to be a mid-term

projection. This stochastic analysis is different from analy-

ses of uncertainty based on differences in climate models,

such as the multi-model ensemble analysis by Neelin et al.

(2006). Our stochastic model focuses only on fluctuations in

temperature and rainfall for forecasting results from a global

circulation model (GCM) at the Hadley Centre (HadCM3)

for a socio-economic scenario.

Model

World food model

The JIRCAS world food model, known as the International

Food and Agricultural Policy Simulation Model (IFPSIM),

consists of yield, area, demand, export, import, stock, and

price linkage functions for 14 commodities and 32 countries

or regions. Among the commodities, wheat, maize, other

coarse grains (which include barley, rye, oats, millet, and

sorghum), rice, and soybeans are the crops covered. Equi-

librium prices are obtained from the nested loop, i.e.,

domestic and international market clearance conditions.

Furuya and Koyama (2005) estimated yield functions of crops

including temperature and rainfall as variables, and replaced

the original functions with the newly estimated functions in

the IFPSIM. The estimated yield function is as follows:

ln YHt ¼ aþ b1T þ b2 ln TMPt þ b3 ln PRCt ð1Þ

where YH is the yield, T is the time trend, and TMP and

PRC are temperature and rainfall, respectively, in the

flowering or silking season. If the climate data is non-

stationary, the following difference function is estimated:

d ln YHt ¼ aþ b2d ln TMPt þ b3d ln PRCt ð2Þ

where d ln YHt = ln YHt - ln YHt-1, d ln TMPt = ln

TMPt - ln TMPt-1, and d ln PRCt = ln PRCt - ln PRCt-1.

In this case, parameter a in function 2 is equivalent to parameter

b1 in function 1.

Figure 1 shows the flowchart of a leader country in the

crop sector of the world food model. The leader country is

selected from the large exporters; for example, the United

States is the leader country in wheat, maize, other coarse

grains, and soybeans, and Thailand is the leader country in

rice. In this model, yield, area, production, imports,

exports, stock, and demand are endogenous variables.

Population, gross domestic product (GDP), temperature,

and rainfall are exogenous variables. Temperature and

rainfall data are generated for stochastic analysis.

Partial stochastic model

The temperature and rainfall variables entered into the

yield functions are exogenous to the supply and demand

model. To evaluate the effect of changes in temperature

and rainfall during flowering or silking seasons on the

72 Sustain Sci (2009) 4:71–79

123



world food market, these climate variables must be en-

dogenized in a model, which will then recursively feed the

supply and demand model. The following simple linear

temperature and rainfall models are estimated:

TMPijt ¼ aT þ bTT ð3Þ

PRCijt ¼ aP þ bPT ð4Þ

where i is the identification number of the country and j is

the identification number of the crop.

Equation errors are retained when comparing the esti-

mates to the actual data. The errors’ empirical distributions

and correlations among countries, and two climate variables

of the resulting errors, are maintained and employed to

construct a set of random temperature and rainfall variables

consistent with history. With the use of the historical error

correlation matrix for countries and random draws on a

normal distribution, correlated uniform deviates for each

country are created through the standard normal cumulative

distribution. These random numbers are transformed into

draws on the empirical error distributions, which maintain

their historical correlated relationship and distributions.

This process creates 150 sets of error draws, which are then

inserted into the temperature and rainfall forecasting model

with the same functional forms as functions 3 and 4.

However, data sets are forecasted based on the A2 scenario

and are used to create 150 simulated future temperature and

rainfall paths. The procedure for creating correlated random

climate variables is based on the program of Richardson

et al. (2000). This system is shown in Fig. 2.

Data

The temperature and rainfall data used for estimating

functions 1 and 2 are average numbers reported by the

Global Historical Climatology Network (GHCN). The cli-

matic variables selected are monthly data for the flowering

or silking season of each crop, as indicated in the cropping

calendar of the United States Department of Agriculture

(USDA) (1994). Temperature and rainfall in large coun-

tries, such as the US, vary greatly across regions; large

countries are divided into regions based on the cropping

map of the USDA (1994). The yield function for ‘other

Africa’ is not estimated due to insufficient climate data.

The basic estimation period is from 1961 to 2000.

The temperature and rainfall data used for estimating

functions 3 and 4 are the average numbers reported by the

Data Distribution Centre (DDC) of the IPCC. The data is

based on that of the GHCN and modified to 0.5� grid data.

The results of simulations by the Hadley Centre are reported

as grid data; the DDC data is then used for estimating these

functions. Table 1 shows the results of a correlation matrix

of percentage errors for major wheat-producing countries.

The Cholesky decompositions of these matrices are used for

creating correlated standard normal random numbers.

The Hadley Centre provides grid data on the A2 sce-

nario from the IPCC (HadCM3-A2). The A2 scenario

assumes that each country maintains its own distinct cul-

ture and that trade, labor mobility, and technological

transfer are restricted. Therefore, per capita GDP grows

slowly and the annual average per capita income in 2050 is

$7,200, while the world population reaches 11 billion. One

of the simulation results is used for estimating the baseline

of temperature and rainfall from 2001 to 2050 using

functions 3 and 4. The correlated random errors are added

to the baseline and 150 sets of climate data following the

A2 scenario are obtained. Figure 3 shows the temperature

of the flowering or silking season in the US based on actual

data from the DDC for the period 1961 to 2000 and fore-

casting data from HadCM3-A2 for the period 2001 to 2050.

Simulation of the world food model

The estimated parameters of rainfall and temperature by

Furuya and Koyama (2005) are used in the stochastic

Yield 
Harves- 

ted 
area 

Produc- 
tion 

Supply 

Imports 
-Exports 

Stock 

World
price 

Demand 

GDP 

Popu- 
lation 

Temper- 
ature 

Rain- 
fall world 

sum=0 

1 year later 

Harvested area, demand 
of other countries 

Fig. 1 Flowchart of a leader country in the crop sector of the world

food model

Actual
TMP, PRC

Estimated
TMP, PRC

(DDC)

Errors

Sorted
Errors

Empirical
CDF

Country
Corr. Matrix

of Error

Correlated
Std. Norm.

Random no.

Std. Norm.
Random no.

Correlated
Uniform

Random no.

Correlated
Empirical
Dist. Error

Std. Norm.
CDF

Sample of
TMP, PRC

Estimated
TMP, PRC
(Had-A2)

Fig. 2 Flowchart of random climatic data creation

Sustain Sci (2009) 4:71–79 73

123



version of the IFPSIM. The model is written in the FOR-

TRAN 90 programming language; functions are included

in the program for ease of development, whereas these

functions are separate files in the original model. Parame-

ters and data for rainfall and temperature are added to the

database of the model and yield functions are changed as

described earlier. If the estimated parameters are not sig-

nificant at the 10% level, these parameters are set equal to

zero, as shown in Tables 2–6. The model covers 14 com-

modities, including livestock products. The base year of the

simulation is 1998 and the projection period is from the

base year to 2030; thus, the intercepts of functions are not

calibrated to the latest data.

The assumptions for the simulation are as follows: (1)

the cropping calendar is fixed, (2) the cropping region is

fixed, (3) the climatic variables directly affect yields, (4)

the temperature and rainfall for all countries and regions

follow the data of HadCM3-A2, (5) all parameters are

fixed, and (6) trade policy is not changed, i.e., tariff rates in

the base year are continued in subsequent years.

The yield functions of the simulation model of the US

and the European Union for all crops, and those of all

countries for soybeans, are specified as follows:

ln YHt ¼ aþ 0:1 ln PIt�1=PIt�2ð Þ þ b1T þ b2 ln TMP
þ b3 ln PRC ð5Þ

where a is the calibrated intercept of these functions, PI is

the subsidized producer price, b1 is the parameter of the

time trend (i.e., the annual increase in yield), b2 is the

Table 1 Correlation matrix of % errors for major wheat-producing countries

Country/region Temperature Rainfall

EU Ex-USSR India China USA EU Ex-USSR India China

Temperature

USA –0.257 0.228 0.268 -0.031 -0.460 0.022 0.187 -0.063 0.110

EU 0.014 0.216 0.286 -0.045 -0.412 -0.447 0.216 0.166

Ex-USSR 0.058 -0.122 0.152 0.009 -0.522 0.100 0.169

India -0.035 -0.246 0.125 0.021 -0.115 0.052

China -0.150 0.148 -0.053 -0.134 0.101

Rainfall

USA -0.017 -0.138 0.020 -0.138

EU 0.212 -0.394 -0.047

Ex-USSR -0.362 -0.092

India -0.050

Maize

Fig. 3 Temperature of flowering or silking season in the US

Table 2 Selected parameters for yield functions of wheat

Country/region Temperature Rainfall

USA 0.000 0.000

EU -1.076 -0.117

Japan 0.000 0.000

Canada 0.000 0.344

Australia 0.000 0.443

New Zealand -0.600 -0.214

East Europe -0.660 0.000

Former USSR -0.940 0.000

Mexico 0.000 0.000

Brazil 0.000 -0.199

Argentina 0.000 0.000

Other Latin America -0.842 0.000

Nigeria 0.000 0.000

Egypt -0.348 -0.021

India -0.333 0.050

Pakistan -0.482 -0.041

Bangladesh -1.663 0.000

Republic of Korea 0.000 0.000

China -0.530 0.000
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parameter of temperature, and b3 is the parameter of

rainfall. The yield function of the simulation model for

other countries for these crops is specified as function 1.

Results

Figures 4–13 show production from major producing

countries and the world total for each crop. Averages, 90th

and 10th percentiles, and randomly selected simulation

results are shown in these figures. Figure 4 shows that the

average production of wheat in India will increase by about

54 million metric tons (t) between 2006 and 2030 due to

rising yields and an increase in planted area. The coeffi-

cient of variation (CV) of production is 4.57% during the

Table 3 Selected parameters for yield functions of maize

Country/region Temperature Rainfall

USA -1.226 0.186

EU 0.000 0.138

Japan 0.000 0.000

Canada 0.000 0.092

East Europe 0.000 0.476

Former USSR -0.764 0.000

Mexico 0.000 0.000

Brazil 0.000 0.000

Argentina -1.191 0.252

Other Latin America 0.000 0.000

Nigeria 0.000 0.000

India 0.000 0.000

Pakistan 0.000 0.000

Bangladesh 0.000 0.000

Indonesia 0.000 0.000

Thailand -2.440 0.000

Malaysia 0.000 0.000

Philippines 0.000 0.000

Republic of Korea 0.000 0.000

China -0.913 0.168

Table 4 Selected parameters for yield functions of other coarse

grains

Country/region Temperature Rainfall

USA -1.525 0.000

EU -0.772 0.000

Japan -0.349 0.000

Canada -0.489 0.189

Australia 0.000 0.423

New Zealand 0.000 0.000

East Europe -0.492 0.000

Former USSR -1.589 0.506

Mexico 0.000 0.000

Argentina -1.439 0.144

Other Latin America 0.000 0.221

Nigeria 0.000 0.728

Egypt 0.000 0.000

India -3.395 0.000

Pakistan -0.292 0.000

Bangladesh -2.800 -0.072

Republic of Korea 0.000 0.000

Table 5 Selected parameters for yield functions of rice

Country/region Temperature Rainfall

USA -1.223 0.000

EU 1.282 0.000

Japan 1.043 -0.230

East Europe 0.790 0.000

Former USSR 0.000 0.000

Brazil 0.000 0.135

Other Latin America 0.000 0.000

Nigeria 0.000 0.000

Egypt 0.000 0.000

India -1.994 0.000

Pakistan 0.000 0.000

Bangladesh 0.000 0.000

Indonesia 0.000 0.000

Thailand 0.000 0.000

Malaysia 0.000 0.000

Philippines 0.000 0.000

Republic of Korea 1.302 0.000

China 0.000 0.000

Table 6 Selected parameters for yield functions of soybeans

Country/region Temperature Rainfall

USA -0.791 0.220

EU 0.000 0.000

Japan 0.000 -0.335

Canada 0.000 0.000

East Europe -0.850 0.000

Former USSR 0.000 0.000

Brazil 0.000 0.000

Argentina 0.000 0.000

Other Latin America -0.949 0.000

Nigeria 0.000 0.000

India 0.000 0.000

Pakistan 0.000 0.000

Republic of Korea 0.000 0.000

China 0.000 0.137
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period (the average CV from 2006 to 2030 for 150 results)

and is higher than that of the world (1.65%), the fluctuation

of which is shown in Fig. 5.

Figure 6 shows that the production of maize in the US

will increase by 70 million t over the next 25 years.

However, the variation is very high, with a CV of 8.12%,

Fig. 4 Production of wheat in India. 90P 90th percentile, 10P 10th

percentile, #123 results of the 123rd simulation

Fig. 5 Production of wheat in the world

Fig. 6 Production of maize in the US

Fig. 7 Production of maize in the world

Fig. 8 Production of other coarse grains in the former USSR

Fig. 9 Production of other coarse grains in the world
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due to the relatively large negative parameter of tempera-

ture in the yield function. The variation in the production of

maize in the world is also higher than for wheat, other

coarse grains, or rice, as shown in Fig. 7. This is because

the parameter of temperature in the US is large and its

impact spreads to other countries because the US is the

price leader in maize. Figure 8 shows the mean value and

the variation in the production of other coarse grains in the

former USSR. The share of production by the Russian

Federation is around 60% in this area. The share of barley

among the other coarse grains is around 50%. The

parameter of temperature in the yield function is -1.59,

showing that barley is vulnerable to higher temperatures.

The CV in the former USSR will increase from 8.31% in

2006 to 9.42% in 2030. The total production in the world

will increase by about 200 million t and the CV of pro-

duction is 2.63% during this period, as shown in Fig. 9.

Figure 10 shows the production of rice in India. The

variation is higher than for other rice-producing countries.

Parameters of temperature in the yield function for Korea,

Japan, and European countries are positive numbers;

however, those for the US and India are negative numbers.

Ultimately, the variation of production in the world is

smaller for rice than for other crops, as shown in Fig. 11.

Figures 12 and 13 show the production of soybeans in the

US and the world. The world trend follows that of the US

due to the latter’s large production share. The variation in

soybean production is the highest of all crops and the CV

increases from 6.50% in 2006 to 13.47% in 2030 in the

world. The parameter of temperature in the yield function

is a negative number in the US, which affects the world

market, and these yield functions respond to price in the

model. Furthermore, supplies of soybeans are linked with

oil and oil meal production. The own-price elasticity of

feed demand is very high and a production shock in soy-

beans, such as a drought in a major producing country, will

lead to an expansion of the variance in prices.

Finally, variations in the producer prices of five crops

are investigated. Table 7 shows the average CV of pro-

ducer prices in major producing countries between 2006

Fig. 10 Production of rice in India

Fig. 11 Production of rice in the world

Fig. 12 Production of soybeans in the US

Fig. 13 Production of soybeans in the world
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and 2010 and again between 2026 and 2030. Variations in

producer prices will increase for all countries for all crops.

Soybean prices in particular will increase by 20–25% in

major producing countries, while the prices of other crops

will increase by 1–2%.

Soybeans are used not only as food, but also for feed and

for producing oil. Thus, soybeans have two types of

demand: food demand and input demand for livestock and

oil production. These input demands are highly responsive

to price changes. Furthermore, production is concentrated

in a few countries, i.e., the US, Brazil, Argentina, and

China. The evolutionary plant breeding of soybeans in the

last two decades may lead to a higher production response

to price changes in the simulation. The development of

drought-tolerant varieties and the expansion of regions of

production are necessary to ensure stable soybean supplies.

Conclusions

Simulation results show that crop production in some

countries or regions will be significantly affected by rising

temperatures, with increased fluctuation. Crop production

by the US, the European Union, and South Asian coun-

tries could suffer severe damage from global warming.

The results of simulation using a world food model show

that the changes in production resulting from variations of

temperature are quite different for each crop in each

country or region. However, the world total production

for most crops other than soybeans is not severely

affected.

These results are based on a mid-term simulation where

available cropping regions, and the parameters of the

supply and demand model, are fixed. To obtain more

accurate simulation results, it is very likely that a long-term

supply and demand model considering changes in income

elasticities and shifts of cultivation zones is required. Based

on forecasting climate data from the A2 scenario by the

Hadley Centre, the drastic variation in crop production for

some countries is remarkable. Countries that suffer higher

price risk due to temperature variations may need to con-

sider changes in cropping patterns and policies in order to

encourage additional stock holding.
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