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Summary

A simple, globally aggregated, stochastic simulation model
was constructed to examine the effects of rapid climatic change
on agriculture and the human population. The model calculates
population size and the production, consumption, and storage of
grain under different climate scenarios over a 20-year projection
time. In most scenarios, either an optimistic annual increase of
agricultural output of 1.7 percent or a more pessimistic
appraisal of 0.9 percent was used. The annual rate of increase
of the human population was set at 1.7 percent and climatic
changes with both positive and negative impacts on agriculture
were assessed.

Analysis of the model suggests that the number of hunger-
related deaths could double (with reference to an estimated 200
million deaths in the last two decades) if grain production keeps
pace with population growth but climatic conditions are
unfavorable. If the rate of increase in grain production is
about half that of population growth, the number of hunger-
related deaths could increase about five-fold (over past levels)
whether climatic changes occur or not. Even favorable climatic
changes that enhance agricultural production may not prevent a
four-fold increase in deaths (over past levels) under scenarios
where population growth outpaces production by about 0.8 percent
per annum.

These results may foreshadow a fundamental change where, for
the first time, absolute global food deficits compound inequities
in food production and distribution in causing famine. The model
also highlights the effectiveness of reducing population growth
rates toward minimizing the impact of global climate change and
maintaining food supplies for everyone.



Introduction

The conversion of land to agricultural use and exploitation
of diverse other natural resources has generally increased the
capacity of Earth to support human beings. In recent decades,
however, the human enterprise has grown so large that its impact
on the global environment is unprecedented (FAO, UNFPA, and
ITIASA, 1982; Keyfitz, 1989, 1984; Sadik, 1988). Humanity is now
rapidly depleting a one-time inheritance -- fertile soils, fossil
groundwater, biodiversity, and numerous other non-renewable
resources -- to support its growing population (Brown et al.,
1990; Ehrlich and Ehrlich, 1990; SCEP, 1970). This resource
depletion, coupled with other human pressures on the environment
(e.g., production of toxic wastes, alteration of the composition
of the atmosphere) is undermining the capacity of the planet to
support. virtually all forms of life (Ehrlich et al., 1989).

Possibly the most serious of human impacts is the injection
of greenhouse gases into the atmosphere. The nature of climatic
changes likely to result from greenhouse gas emissions is not yet
clear in detail. The magnitude and pace of change that
climatologists believe probable are unprecedented in human
history (Abrahamson, 1989; Cairns and Zweifel, 1989; Lashof,
1989; NAS, 1987; Schneider, 1989). Should such change occur,
there will inevitably be wide-ranging effects on many facets of
human societies. Current patterns and future plans of energy use
and industrialization will require major revision (Chandler,
1986, 1988; Chandler et al., 1988). International tensions are
likely to heighten over claims on freshwater where scarce supplies
are further reduced (Cooley, 1984; da Cunha, 1989; Gleick, 1989;
Myers, 1989), transnational migration of environmental refugees
(FJacobson, 1988), and ultimate responsibility for global warming
and its effects (Gleick, 1989). The global production and
distribution of food is inadequate for a large fraction of the
rapidly expanding global population of 5.3 billion people under
present and foreseeable economic systems. The agricultural
and food distribution systems may be further stressed by shifting
of temperature and precipitation belts, especially if changes are
rapid and not planned for. There is also the alternative
possibility, in our view much less likely, that climatic changes
(or increased levels of CO,) will actually enhance global
agricultural production.

In this paper we investigate the possible positive or
negative effects of climate change on global food security, using
a computer model. We focus on grain because it supplies over
half of the calories in the average diet when consumed directly
and a substantial part of the remainder in the form of meat,
eggs, and dairy products (Brown, 1988), and accounts for the vast
majority of the international trade in food (WRI, 1989). The
model is a very simple, aggregate representation of global
agricultural systems and human populations. Its results do not
represent specific predictions, but rather sensitivity analyses
of the effect on the growing human population of changes in
agricultural production that may result from global warming. In
the following, we present the structure, results, and limitations
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of the model, and then offer our interpretation of the results.

The model

The model simulates the effect of stochastic perturbations
in food production (due to climgte change) on population size.
In yearly increments, the model™ calculates human population

k.

The model was written in Pascal and run on a SUN Microsystems
3/60; the code is available from the authors.

size, number of hunger-related deaths, and the production,
consumption, and storage of grain under different climatic
scenarios (see Appendix for equations). Parameters that may vary
in each run of the model include the initial population size, the
initial level of grain production and grain stores, the rate of
change in population size and grain production, whether climate
change has a net favorable or unfavorable impact on global
agricultural production, the frequency and magnitude of changes
in global harvest due to changed weather patterns, the projection
time, and the desired number of simulations. The climate
scenarios are described in terms of two parameters: the frequency
and the magnitude of changes in global grain production caused by
changing weather patterns. Aall of the parameters in the model
represent aggregates for the world as a whole.

Global aggregation of the model is a serious limitation.
Geographic variation in weather tends to make gluts or shortfalls
of grain regional events whose consequences can, at least in
theory, be compensated by trade. When the highly aggregated
"limits to growth" model (Meadows and Meadows, 1972) was rerun at
regional levels (Mesarovic and Pestel, 1974) it was discovered to
have overestimated global disaster but underpredicted regional
disasters. However, because of the uncertainties of modeling
climate (especially at regional levels), the changing patterns of
international grain trade, and the functioning of futures
markets, disaggregating our model did not seem a wise course.
Instead, we attempt to capture some of the complexities of
regional variations in our parameterization of mortality relative
to global grain stocks (described later).

In what follows, we define an iteration as a single
execution of the core operations of the model (determining
population size and the production, consumption, and storage of
grain for a single year; see Fig. 1). We define a simulation as
the execution of the entire model once. To generate the output
presented here, the model was iterated twenty times per
simulation (i.e., the projection time is 20 years). Finally, a
run is a set of simulations performed under the same initial
conditions. Ten thousand simulations were executed per run.

The manipulations of the input parameters are described
next, in the order presented in Fig. 1. The initial values of
input parameters for population and agricultural production were
selected from recent but not extreme years.
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The geometric rate of increase of the population size is
constant (and, in our notation, equals 1 + 0.01 * AN). For most
runs, the initial population size and growth rate were set at
5.000 billion and 1.7 percent per year respectively, figures that
roughly reflect conditions in 1986, the year of peak grain
harvest to date. Population size may be sharply reduced by grain
shortages (which cause rapid increases in deaths by starvation).
These periods of population decrease are assumed to be
instantaneous. Following such periods, the constant rate of
increase is applied to the new lower population size. The
feedback between low or empty grain stocks and population is
described below.

For most scenarios, initial production was set at 1.65
billion metric tons (T) grain, roughly the amount that was
consumed in 1986. The underlying rate of change in grain
production (the "trend") also remains constant. For reference,
the average value of the trend has been 2.1 percent per year
since 1969 and 1.4 percent per year since 1980 (FAO, 1970-89).

In order to simulate normal stochastic fluctuations in
production, the amount harvested in a given year is caused to
deviate from the trend by one of five values (0.0, +2.0, -2.0,
+4.0, or -4.0 percent) selected at random each year. These
values were selected to create a pattern resembling a relatively
favorable decade for global agriculture. The fluctuations in
grain production generated by the model (expected variance 8.0
percent) are roughly comparable to those that actually occurred
over the decade 1962~1971 (observed variance 8.5 percent), a
decade with little variation in the upward production trend. By
contrast, the observed variances in grain production in the
preceding (1952-1961) and following (1972-1981) decades were 51.0
and 20.4 percent respectively. Thus, the choice of the magnitude
of "normal" fluctuations was conservative.

Superimposed on these relatively small normal fluctuations
are changes in global grain production caused by climatic events.
Within a run, the changes are either all positive or all negative
-~ i.e., unusual climatic events either increase or decrease
production., These changes are made to occur at random, with a
preset frequency and intensity (calculated as percent increase or
reduction of potential harvest) within each run. The grain
production in a given year is completely independent of the
random deviations, climatic events, and deaths occurring in all
other years, and is calculated simply by adjusting the potential
production expected from the trend in years in which a weather
event occurs. ’

Regional patterns and the nature of events (e.g., drought,
aseasonal frosts, extraordinarily favorable weather patterns, or
possible yield enhancement through €O, fertilization) that affect
harvests are not simulated by the "“climatic" (production)
parameters. Instead, the changes in global climate patterns that
many climatologists consider plausible as the concentration of
greenhouse gases in the atmosphere increases (Abrahamson, 1989;
Lashof, 1989%9; Schlesinger, 1989; Schneider, 1989) are subsumed
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within our production parameter. Though it is not clear whether
the drought in North America in 1988 was related to global
warming, it was the sort of event that climate models suggest
will become more frequent and is thus simulated by runs of the
model in which climatic events are deleterious. The amount of
uncertainty in the implications of global circulation models for
world agriculture (Golitsyn, 1989), coupled with regional
climatic fluctuations (e.g. 20-year droughts; Mitchell et al.,
1979) which can only vaguely be predicted, led us to conclude
that realistic refinements of the global climatic regime
simulated by the model cannot be made now.

The level of grain consumption in each year is calculated as
the product of the current population size and the global average
consumption per person per year. Our estimate of average
consumption, 0.33 T grain/person-year, is equal to the average
global per-capita production level over 1955-88 (FAO, 1956-89; PRB,
1987; UN, 1987). Grain lost to wastage (estimated to be 40
percent between production and consumption; see notes in Kates et

1., 1988), diverted to livestock, and otherwise not consumed
directly is subsumed under this global per-capita consumption.

The global grain carry-over stock is set at the beginning of
each simulation. For most runs, the initial stock was set at 350
million T, an intermediate level equal to 21 percent of
consumption for the initial year. For reference, the record high
carry-over stock is about 461 million T, achieved from the record
grain harvest in 1986 (Lester Brown, pers. comm.), but the
estimated stocks in 1990 are 293 million T, just 17 percent of
consumption and the lowest since 1981 (Lewis, 1990). As each
simulation proceeds, the stock is calculated as the carry-over
stock from the previous year plus the current grain harvest minus
the amount of grain consumed (as defined above). The global
grain stock has a lower bound of zero T. We set no upper bound
on carry-over stocks and assumed that any surplus grain can be
stored for consumption in the subsequent year. (We ran the model
with an upper bound on storage capacity of 750 million T, but
this constraint did not influence the results under the
conditions presented here).

In the model, deaths from starvation occur because of both
maldistribution and absolute shortage, as a function of global
grain stock relative te consumption. It is difficult to estimate
the baseline magnitude of this starvation-related mortality (see
Discussion). We have assumed that distribution of food will not
change significantly from past patterns over the decades of our
runs. In the model, 2 million deaths occur per annum due to
maldistribution at any level of grain stock. Additional deaths
occur (per annum) as a linear function of stocks relative to
consumption (see Appendix). When there are global grain deficits
(stocks < 0), the model output presented in this paper assumes
that two people die for every 1 T grain deficit. The
justification for this conversion factor is given in the
Discussion.

The model iterates a set of equations describing this system
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for a projection time of twenty years for each scenario. We
think that period sufficiently long to reflect trends, but not so
long that agricultural and economic systems are likely to change
fundamentally. The mean and the standard deviation of several
statistics are recorded on the completion of each run: the total
number of deficits, the magnitude of the deficits, the total
number of deaths and maximum that occurred, and the final
population size.

Results

The output of the model under a variety of scenarios is
displayed in Tables 1-7 and summarized in Fig. 2. These results
are described briefly here and then interpreted in the
Discussion. In most cases we contrast the output under different
scenarios with reference to the average number of deaths produced
in a run, a figure which reflects both the frequency and
magnitude of changes in grain stocks.

To validate the model, we ran it simulating conditions
approximating those that actually held over 19269-1988. The
initial population size was set at 3.616 billion people, the rate
of natural increase was 1.8 percent per annum, the initial level
of grain production was 1.19 billion T, the grain production
trend was 2.1 percent per annum, and variation about the trend
was 21 percent. The probability of climatic events (aside from
those reflected in variation in the trend) was set to zero.

Under this scenario, the mean number of grain deficits per 20~
year simulation is 0.0 (% 0.8), about 100 * 30 million people die
in total, and the final population size for 1988 is 5.0 billion.
The few deficits that occurred in simulations of this scenario
result directly from the random fluctuation in production about
the trend; the deaths result from those fluctuations as well as
maldistribution. For reference, though no global grain deficits
occurred over 1969-1988, about 200 million people are estimated
to have died of hunger or hunger-related disease over that time
(Dumont and Rosier, 1969; WHO, 1987; see discussion in WRI,
1987).

‘ Unless explicitly stated, the runs discussed next were done
under initial conditions roughly matching those of 1986 as
explained above. For comparative purposes, we ran the model in
the absence of unfavorable climatic events and under the
assumption that annual growth in grain production (AG) would keep
pace with that of the population (AN), which was 1.7 percent in
1986 (AN is now 1.8 percent; PRB, 1989). Over the 20-year
projection time under this scenario (A, Table 1), while there are
no grain deficits (0.0 + 0.0), 152 % 39 million deaths occur due
to maldistribution of food, leading to a final population size of
6.818 billion. The variance in the output statistics is quite
high, as indicated by the occurrence of 304 million deaths in one
of the 10,000 simulations. The expected final population size,
assuming a constant growth rate of 1.7 percent and that the
population would not be subject to any reductions, would be 7.005
billion (5.000 x 102 x (1.017)29). '
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The model was run under several climatic scenarios with
negative changes in harvest ranging from 3 to 10 percent per
event. These seem reasonable values, since a reduction of about
5 percent (from the 1969-1988 trend of 2.1 percent growth per
annum) can be attributed to weather-caused harvest failure in
1988. The first set of the following runs assumes that AN = AG =
1.7 percent, and that the initial carry-over stocks totalled 350
million T (Table 1). Under these growth rates, a S5-percent
reduction in harvest every 5 years (on average; probability of
event, P, = 20 percent) causes 0.1 (t 0.3) deficits and 214 (%
59) million deaths per simulation, with a 57 percent chance of
exceeding 200 million deaths (run B). Doubling the magnitude of
harvest reduction to 10 percent increases the mean number of
deaths to 326 (+ 139) million (run C), and the probability of
exceeding 200 million deaths rises to 85 percent. Increasing the
average frequency of reductions to 1 in 3.3 years (P, = 30
percent) causes 254 (* 72) million and 430 (* 154) million deaths
under 5- (run D) and 10-percent (run E) reductions respectively.
Increasing the average frequency of reductions further to every
other year (P, = 50 percent) results in 248 (it 57), 338 (+ 90),
and 583 (* 121) million deaths under 3- (run F), 5- (run G), and
l0-percent (run H) reductions respectively.

Not surprisingly, reducing global grain harvests below the
trend by 10 percent every year (run I) leads to the highest
number of deaths (774 t 42 million). The variance in the number
of deaths under this latter scenario is especially low because
there is no variance in the sequence of unfavorable years -- each
year is unfavorable.

Current trends in agriculture suggest that assuming grain
production levels can increase by 1.7 percent annually is very
optimistic. Growth averaged just 1.4 percent annually from 1980-
1988 (FAO, 1982-89). In fact, the Worldwatch Institute believes
that the world's farmers will have difficulty expanding the
average production at much more than 0.9 percent annually in the
1990's (Brown et al., 1990). Achieving either of these growth
rates (1.7 or 0.9 percent) could well require substantial
technological innovation and maintaining productivity in the long
run will clearly require major changes in farming practices.
Therefore, we repeated the set of runs presented in Table 1 under
the assumption that AG = 0.9 percent over the 20-year projection
time. Table 2 displays the output of these simulations.

Even in the absence of unfavorable climatic conditions (run
J, Table 2), the imbalance between AN (1.7 percent) and AG (0.9
percent) leads to a staggering 891 (t 97) million deaths over the
20-year projection time. Under each scenario with climate-
induced reductions (runs K-R), over 900 million people die on
average and the probability of exceeding a billion deaths is
usually 30 percent or more. However, imposing various
deleterious climatic regimes (runs K-R) on grain production does
not increase the resulting average number of deaths as much as
when AG equals AN (runs B-I, Table 1). An explanation of this
possibly counterintuitive result is given in the discussion.
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To test the sensitivity of the model to different rates of
increase in grain production relative to those of population
growth, we ran an identical set of climate scenarios on both the
conditions that AN = 1.7 percent and AG = 1.3 percent (runs S-U,
Table 3), and that AN = 1.7 percent and AG = 2.4 percent (runs V-
X, Table 3). The number of deaths that occur with AG = 1.3 is
appreciably less than under the comparable scenarios with AG =
0.9 (runs K, M, and L, Table 2). The number of deaths that occur
when AG = 2.4 percent (runs V-X, Table 3) is roughly comparable
to that where AN = AG = 1.7 and no unfavorable weather patterns
occur (run A, Table 1). The model is similarly sensitive to
changes in AN (holding AG and other parameters constant; Table
4).

The number of deaths produced with AN = AG = 0.9 percent is
only slightly less (7 percent, on average) than under the same
climatic scenarios with AN = AG = 1.7 percent (runs B, D, and C,
Table 1). Scenarios AB~AD (Table 4) and S~-U (Table 3), all cases
where the difference between AN and AG is 0.4, result in
comparable numbers of deaths. Thus, the critical factor is, not
surprisingly, the difference between AN and AG, and not the
absolute value of either (at least over the range of values
presented here). This is in part due to our conservative
assumption that a large population size (created by a large AN)
does not itself cause more rapid climate change and thus more
frequent extreme weather events.

The initial stock plays an important role under some
conditions (see Table 5). If the stock is set at zero to start,
any initial fluctuations in grain production must be positive to
avert immediate deaths. The influence of the initial stock on
the final outcome is diminished when other factors come into
play. For example, under relatively severe climatic conditions,
the increase in mean number of deaths when initial stocks are set
at 0 T (run AG) as opposed to 500 million T (run AH) is 67
percent over the 20-year span. In contrast, when climate has no
deleterious impacts on agriculuture, the difference in mean
number of deaths when initial stocks are set at 0 T (run AE) as
opposed to 500 million T (run AF) is 123 percent. 1In the severe
case, the climate parameters overwhelm the effect of initial
stock.

It is unclear whether the recent climatic events deleterious
to agriculture (e.g., the droughts in North America and China,
the below-average rainfall in north-central Africa since the
1960's; Schneider and Londer, 1984) are related to global
warming. To test the sensitivity of the model to the timing of
the onset of climatic changes caused by such warming, we ran it
with an initial population size reflecting projections for 2020 -
- a date by which many climatologists believe the effects will be
manifest. For these scenarios, we assumed that the rate of
increase in grain production up to 2020 kept pace with that of
population growth, such that per-capita production was 0.33 T
grain/person to start. Initial population size was set at 8.330
billion people (as projected by the PRB, 1989) and initial grain
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