
IO90/125
INTERNAL REPORT
(Limited Distribution)

International Atomic Energy Agency

and

an'ons Educational Scientific and Cultural Organization

NATIONAL CENTRE FOR THEORETICAL PHYSICS

THE EFFECTS OF GLOBAL CLIMATE VARIABILITY
ON WATER RESOURCES AND AGRICULTURE *

E.C. Adibe *•

International Centre for Theoretical Physics, Trieste, Italy.

ABSTRACT

Widespread improvements in agricultural productivity have been achieved over the last
century using a wide range of technological advances. Future improvements, however, are iikel y to
be constrained by the decreasing quality of new lands brought into production, growing limitations
on capital for crop expansion and mechanization, and increasing population pressures. On top of
these constraints are new uncertainties about future climatic conditions and the effects of anthro-
pogenir climatic changes on water availability. In order to better understand some of the impacts of
climatic changes on food security, plausible changes in water supply are explored and the possible
effects on food production investigated.

The cases discussed here include increases and decreases in both the average and the

variability of water resource availability.

MIRAMARE - TRIESTE

June 1990

To be submitted for publication.
Permanent address: Department of Geography and Meteorology, Anambra State University of
Technology, P.M.B. 01660, Enugu, Nigeria.

REFERENCE
INTRODUCTION

Of all human activities, agriculture is considered to be the most sensitive to climatic
conditions and to climatic variability. Historical experience suggests that climatic fluctuations of
sufficient severity and extent to affect agricultural production will cause pressures, not only on
the economy and society of the regions in which they occur, but on a wide range of political and
security consideration as well (Gustafson, 1981; Rosenberg, 1981; Glantz and Wigley, 1986). As
a result, future climatic changes that alter the productivity of agriculture - either for better or for
worse - should be studied very closely. Hydrologic conditions play a major role in agricultural
productivity, too little or too much water at critical times can reduce yields, damage soils, or cause
crop failures. In many regions of the world, water availability is a greater limiting factor for reliable
crop production than temperature. Because of the value of information on the availability and
reliability of water resources, we must explore the plausible effects of future climatic changes on
water supply before major new water resources programmes can be formulated or extensive new
agricultural development can be planned.

Unfortunately, information on future changes in water resources is often either unavail-
able or unreliable due to the complexities of global and regional climate systems and the difficulties
of modelling such systems. The possibilities developed here arc just a subset of the many possible
climate outcomes, Nevertheless, these cases represent a wide range of possible changes in water
resource conditions. Their likelihood, plausibility and effects should therefore be studied. As more
information on actual climatic changes becomes available, more accurate and detailed scenaries
can be further refined and studied.

WATER AVAILABILITY AND FOOD SECURITY

Agricultural production in any given region is highly dependent on the climatological and
geophysical conditions in that region - precipitation patterns, soil conditions, temperature regimes,
and so on. While remarkable advances have been made to reduce the vulnerability of crops to
natural climatic fluctuations, we are still reminded regularly of our sensitivity to extreme climatic
events - even those of relatively short duration. Although long-term changes in hydrociimatic
variables (such as precipitation and evapotranspiration) arc not, in themselves, necessarily cause
for alarm, there are a number of reasons why such changes should be viewed with concern.

In many regions of the world, particularly semi-arid and sub-humid regions, the most
important limitation on major agricultural production is the limitations on water availability during
certain parts of the year. Yet these are the regions that may be most needed in the next several
decades to meet growing agricultural demands. Table 1 presents a list of regions in which the
expansion of crop production might be possible if it were not for limitations on water availability
in certain forms or at certain times.

In the regions listed in Table 1, there is often little or no access to irrigation water - either
from groundwater resources or through the transfer of water from water-rich to water-poorregions.
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Agricultural development in these regions is therefore dependent primarily on the prevailing pat-

terns of rainfall. Changes in hydroclimatic conditions may ease or exacerbate the availability of

water in these regions.

Even in areas with irrigation or groundwatcr resources, total water demands vary with
cvapouanspiration and competing demands from other sectcn of society. In times of water short-
ages agricultural productivity may be adversely affected. If climatic conditions were to permanently
reduce freshwater availability, or increase overall demand, some regions mat are now productive
may have to be taken out of production.

Similarly, regions dependent on seasonal water supplies may experience a shift in the
timing of the onset of the rainy season, or a shortening (or lengthening) of that season. In India, for
example, because of the runoff and rainfall are concentrated in a few months of monsoons season,
any delay in the onset of the monsoons can have severe consequences for the agriculture. Because
of the existing variability of monsoons on the Indian subcontinent, India has already taken actions to
improve the reliability of its food reserves to account for two years of inadequate monsoons (Slater,
1981). A change in climatic variability would lead to the need to re-evaluate the management or
design sf such a programme.

FUTURE HYDROLOGIC CHANGES: WHAT DO WE KNOW?

Much of what we know about possible changes in water availability due to future an-
thropogenic climatic changes comes from work done to model the climate using complex, three-
dimensional general circulation models (GCMs). General circulation models of the climate incor-
porate hydrologic parameters with varying degrees of complexity. Details on these parametriza-
tions can be found in Manabe (1969a, 1969b), Schlesinger and Gates (1980), Manabe «r al. (1981).
Hanscn et al. (1983), and Washington and Meehl (1983, 1984). GCMs attempt to reproduce cli-
matic dynamics as accurately as possible given the limitations on our ability to mathematically
descrioe complex meteorological phenomenon and our ability to develop adequate global-scale
data sets on oceanic, atmospheric, and terrestrial variables. The greatest limitations to the use of
GCMs far assessing changes in water availability result from their coarse resolution and their sim-
plified hydrologic parameterizations (Gleick, 1986).

Because of these limitations, there has been an increase in research to develop other
methods for evaluating the hydrologic implications of climatic changes (Schwarz, 1977; Stockton
and Boggess. 1979; Nemec and Schaake, 1982; Revelle and Waggener, 1983; U.S. Environmental
Protection Agency, 1984; Gleick, 1986; 1987a; Beran, 1986). While accurate predictions of fu-
ture regional hydrologic changes cannot yet be made, these works identify a number of important
hydrologic sensitivities that suggest that substantial changes in regional hydrologic normals and
moments may result from the types of temperature and precipitation changes anticipated by State-
of-the-art GCMs. In order to make reasonable estimates of these hydrologic changes, a list of the

types of information that would be needed from GCMs and regional models is presented in Table
2.

When GCMs are perturbed by aro'fically doubling the atmospheric concentration of car-
bon dioxide, these models predict global wanning often expressed as an average wanning of 3.0
degrees Celsius (c) with a 95 percent probability that the warming will be between 1.5 and 4.5 de-
grees c (Dickinson, 1984). Such a wanning would be accompanied by an increase in the average
evapotranspiration rate and an overall intensification of the global hydrologic cycle.

A more intense global hydrologic cycle will result in both increases and decreases in re-
gional precipitation rales. These meteorological changes may be accompanied by changes in the
seasonally and variability of precipitation, which in turn will affect seasonal water shortages or
excesses. Even though global annual average precipitation is generally expected to increase as a
result of doubled concentrations of carbon dioxide in the atmosphere, there is concern that the ad-
ditional water is less than the total that would be evaporated by the increase in temperature (and
hence evapotranspiration). In studies by Mather and Feddema (1986) of twelve regions around the
world, none of the twelve showed a shift to wetter soil conditions after an increase in atmospheric
Coi concentration, and seven of the twelve showed significantly drier conditions. The water deficit
- the difference between the water available from precipitation and lost to evapotranspiration - has
been shown to be closely related to agricultural yields (Mather and Feddema, 1986). In another
example, mediterranean-style climates, with distinct rainy and dry seasons may experience inten-
sifications of both rainy and dry seasons with concomitant problems of flooding and soil moisture
deficits (Gieick, 1987b). Soil-moisture deficits may also be exacerbated) during summer months
in mid-continental regions (Manabe et al., 1981; Mitchell, 1983; Manabe and Wetherald, 1986;
Rind, 1987). Although the spatial resolution of GCMs is poor, the physical mechanisms for such
drying appear plausible: faster snowmelt during spring months (Manabe and Wetherald, 1986;
Gleick, 1987b), a shift in the mid-latitude rainbelt (Manabe et al., 1981, Manabe and Wetherald,
1986); a decrease in the ratio of snow to rain in winter precipitation due to increased average win-
ter temperatures (Gleick, 1987b); and a decrease in the overall transfer rates for latent heat (Rind,
1987).

Each of (he hydrologic effects described above is uncertain. Rather than attempting to
squeeze more information out of GCMs and regional hydrologic models than can safely be obtained
from them, the next section presents a set of generalized cases to permit us to speculate on the nature
and likelihood of beneficial or detrimental changes in water availability.

IMPLICATIONS FOR FOOD SECURITY - FOUR HYPOTHETICAL CASES

The' climate' of a region can be defined - for agricultural purposes - in many ways. The

purpose here, however, is to explore how food security "' might be affected by changes in climate

"' Defined here as the ability of a region to produce or otherwise provide food without threatening ihe
well-being of either the population or the existing political system.



that alter the availability of water either through changes in soil moisture available to plants, or

changes in the amount of groundwater or surface runoff that can be applied as irrigation.

Although there are many hydrologk variable* that could be explored, the number of cases
mushrooms very quickly with the number of variables and the number of degrees of freedom Cx"
(x * degrees of freedom, n = number of variables). We must attempt to limit our efforts to those
cases with either significant impacts or high probabilities in order to assist water resource planners.
Less critical cases will be uninteresting, easier to mitigate, or harder to distinguish from the existing
hydrologic noise.

Four cases involving changes up and down in the mean and the frequency of water avail-
ability are explored here (Table 3). The cases chosen represent a set of hydrologic changes that are
important because they may generate impacts beyond our ability to adapt easily. Each of these cases
are, if not more probable than any other, at least not improbable. These cases will have impacts
on many temporal and spatial scales - as described in Table 2. The following examples assume no
drastic changes in the patterns of global or regional water transfers and management While some
such changes arc possible - indeed many are described even today - such changes typically come
in response to changes in the characteristics of the geophysical or socio-economic environment
(Golubev and Biswas, 1986).

For each case, the change in water availability is compared to a base case - the theoreti-
cally unperturbed availability. The base case, plotted in Fig.l, represents a hypothetical time series
of water availability - runoff, groundwater, soil moisture, or some similar measure. Particular at-
tention is paid to the frequency and severity of water shortages and excesses, identified here as
the number and intensity of "droughts" and "floods", defined simply as water availability below or
above ». specified level. In this hypothetical scenario of fifty "years" or "seasons", there are three
instances of drought and three instances of floods.

Case 1. Increased mean and variability of water resources

The increase in both the mean and the variability of water resources can occur in a num-
ber of ways, including increased precipitation rates, decreased evapotranspiration rates, increased
storm frequencies and intensities, decreased drought severity, increased drought frequency, in-
creased flooding, and increased overall or seasonal runoff and soil moisture. A number of these
response* are favourable for agricultural productivity in marginal, water-short regions, such as an
increase in both precipitation rates and in seasonal runoff and soil moisture (Lindh, 1979).

Unfortunately, responses in productive agricultural regions to these hydrologic changes
may not alt be positive. In particular, increases in storm frequency and intensities will mean an
increase in the frequency of large climatic events, such as severe droughts, large floods, and high
prer'p'tation rates during water-sensitive parts of the growing season. Fig.2 plots the new water
availablitity in the existing record following an increase in both the average and the availability of
water available. As this figure shows, the frequency and severity of flooding events has increased

dramatically from 3 to 7. The frequency of drought events has also increased. While an increase

in mean water availability could be beneficial to water-short regions, each of these extreme events
can have adverse effects on crop productivity (Abel et al., 1981).

Case 2. Increased mean, decreased variability

Some of adverse impacts of the first case - the increased storm frequency, increased
drought frequency, and so on, are mitigated in this second case because of the reduction in vari-
ability. In particular, this case suggests the possibility of increased precipitation rates, decreased
evapotranspiration rates, decreased storm frequencies, increased storm severity, decreased drought
severity, and decreased drought frequencies. While an increase in storm severity is a possible ad-
verse outcome from the overall increase in means, the hydrologic advantages from a decrease in
drought frequency and severity could be significant This is apparent in Fig.3, which shows a con-
siderable reduction in both the frequency and the severity of droughts compared to Fig.2 and an
increase in the intensity of the flooding events. Case 2 appears to offer the greatest overall advan-
tages for water-limited regions. A note of caution, however: It has been observed that increases
in annual-average precipitation may not result tn either increased soil-moisture availability, or in-
creased runoff during the parts of the year when water is most needed (see, for example, Gleick,
1987b).

Case 3. Decreased mean increased variability

At the opposite end of the spectrum from Case 2 in this example, in which a decrease in
mean water availablity is accompanied by an increase in overall variability - perhaps the worst al-
ternative for water-limited regions. Such an outcome may include decreased precipitation rates, in-
creased evapotxanspiration rates, increased storm frequencies, increased or decreased storm sever-
ity, increased drought severity, and increased drought frequencies. With the exception of a possible
decrease in the severity of storms, these hydrologic changes would not permit much (if any) in-
crease in food production on marginal lands, while at the same time leading to greater pressures on
existing production by increasing both the frequency and severity of drought events. Fig.4 shows
the effects of reduced mean water availability and increased variability on both droughts and floods.

Case 4. Decreased mean, decreased variability

This final case, graphically represented by Fig.5, may offer some relief to flood-prone
areas, but at the cost of adversely affecting other sensitive hydrologic regions, particularly water-
short regions. Decreases in the mean and the variability of water availability might take the form
of decreased precipitation, increased evapotranspiration, decreased storm frequency, decreased
storm severity, increased drought severity, decreased drought frequency, decreased flooding, and
decreased overall or seasonal runoff and soil moisture. Water-short regions could suffer increased
drought severity (due to the decreased mean availability) but fewer droughts. Similarly, decreases
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in mean soil moisture or runoff would decrease crop productivity in many regions, while a decrease
in storm frequencies and intensities would be beneficial. Fig.5 shows an increase in drought sever-
ity and a decrease in both the frequency and severity of flood events, compared to the historical
availalmity shown in Fig. l .

E F F E C T S O F T H E FOUR C A S E S O N AGRICULTURAL P R O D U C T I O N

Each of the four cases described above can have either positive or negative consequences
for agriculture. In order for the net agricultural effects of hydrological changes to be entirely (or
almost entirely) beneficial to agricultural production, very specific spatial and temporal distribu-
tions oi the hydroclimaric changes would be required. A set of region-specific changes that would
be needed to improve the reliability of agricultural production is presented below.

- Increased annual average net precipitation (available precipitation after evapotranspira-
tion tosses) in arid semi-arid and sub-humid area*.

- Increased seasonal average net precipitation in arid, semi-arid, and sub-humid areas.

- Decreased or constant annual average net precipitation in humid areas subject to flooding.

- Decreased or constant seasonal average net precipitation in humid areas subject to flood-
ing,

- Decreased variability of water availability in flood-prone agricultural areas.

- Decreased variability of the onset, ending, duration and location of monsoonality.

- Decreased frequency and persistence o f droughts in arid, semi-arid and sub-humid areas.

- Increased "useful" seasonal runoff (runoff available during periods of soil moisture deficit)
in arid, semi-arid and semi-humid regions.

- Increased mean soil moisture availability in regions with net soil moisture deficits during
sensitive growing periods.

- Decreased mean soil moisture availability in regions with net soil moisture excesses dur-
ing sensitive growing seasons.

Another factor that is rarely considered is that many of the changes that might be good for
agricultural productivity may be, in the long term, bad for natural plant and animal communities,
or for flood control and municipal water supply. Such contradictory outcomes must be considered
when assessing possible climatic impacts (Parry and Carter, 1986).

ical trend is yet evident. Who wins and who loses may well depend upon the different ability of
regions to adapt to altered hydrological conditions, which in turn may depend on the flexibility and
resilience of existing water resource institutions and facilities.

Those regions in which agricultural productivity is already low because of hydrological
limitations may be especially sensitive to climatic changes, such as the length of the growing sea-
sons or the availability of moisture in the soils. Even those regions in which climate or soils do
not present much of a limitation to agricultural productivity will be affected by changes in water
availability. In these regions, slight decreases in the overall yields may have important ramifica-
tions for world food supplies, if such changes results in large changes in die availability of foods
in the world market.

There will continue to be a tendency for water resource planners to plan the develop-
ment of new projects for transferring water from water-rich to water-poor regions, or to plan the
construction of additional reservoir, flood control, or irrigation facilities. In both the developed
and developing regions of the world, major new hydrologic facilities will cany high economic and
environmental costs. Furthermore, reliable information on the frequency distribution in space and
time of rainfall and runoff in a river basin is essential for the design of irrigation, drainage, and
flood-control systems, as well as for the operation amd management of these systems (Revelle,
1981). Yet, as the four cases presented here demonstrate, future climatic changes are likely to re-
place the "known" statistical behaviour of existing hydrological basins with different, and mostly
unknown behaviour.

Uncertainties about future climatic conditions will increase the costs of new hydrologic
facilities by increasing the range of conditions for which such facilities will have to be designed. It
would be premature to plan and build such facilities if existing water-supply systems can be made
more flexible and reliable with simpler institutional, organizational, or economic changes.

In order for regional and global food security to be enhanced, present agricultural pro-
duction must not be severely constrained by hydrologic changes. With no changes in the existing
agricultural structures (i.e. no changes in irrigation practices, no water conservation programmes,
no changes in crop genetics, and so on), only slight changes in the timing or magnitude of water
availability in most regions would alter the productivity or the quality of important crops. On the
other hand, some reductions in water availability could be withstood if certain structural changes
are made - changes that could be made anyway for other reasons. These changes could help reduce
the vulnerability of society or segments of society to climatic events despite the fact that such vul-
nerability may be increasing with time as population increases, as more marginal lands are brought
into production, and as costs for agricultural improvements rise.

C O N C L U S I O N A N D DISCUSSION

Given the Stochastic nature of many hydrological variables, it is reasonable to expect
that there will be distinct agricultural winners and losers - even if not a readily apparent hydrolog-
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Tablet

Water-limited regions with agricultural potential *

Region

The Southwest, South
Central United States

The Great plains
of Canada

The steppes of the
Soviet Union

Parts of India, Australia,
Southern Africa, Mexico

Northeastern Brazil

Coastal South America

Dry Savannahs of Africa

Water/Climate Limitation

Net water quantity
soil conditions

Length of growing season
soil conditions

Net water quantity
length of growing season
soil conditions

Seasonality of water availability
net water quality
soil conditions

Seasonality of water availability
soil conditions

Seasonality of water availability
soil conditions

Net water quantity
soil conditions

Major semi-arid and sub-humid regions with potential for expansion of crop production
given the proper hydrologic conditions. Expansion of crop production in these regions
depends on a wide range of socio-economic and political conditions not considered here.
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Table 2

Hydrologic effects of climate change

Hydrologic variable of interest

Useful precipitation
Surface runoff
Available soil moisture
Groundwater
Temperature
Monsoonality (onset, ending, intensity, location)
Storm events

Temporal scale of interest

Long-term (greater than annual)
Annual
Seasonal
Monthly
Daily

Spatial scale of interest (Political)

Global 10 s km2

Continental 10 7 km2

Country/Region 106 W
Local 1 0 3 - 1 0 5 J t m 2

Spatial scale of inters! (Hydrologic)

Global 10• km2

Continental 107 km1

Regional 10 s - 106 km1

Watershed 10 2 - 105 km2
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Table 2 (com.)

Statistical scale of interest

Mean
Variance
Persistence
Skew
Higher moments

Hydrologic impact of interest

Quantity
Quality
Peak events (high and low)

Table 3

Changes in the mean and variability
of water availability * four plausible cases

Mean Variability

Base: Historical Historical

Case 1: Increase Increase

Case 2 : Increase Decrease

Case 3 : Decrease Increase

Case 4 : Decrease Decrease

Forms such changes could take *•

Case 1. Increased precipitation, decreased evapotranspiration, increased storm frequency, increased
storm severity, decreased drought severity, increased drought frequency, increased flood-
ing, increased overall or seasonal runoff and soil moisture.

Case 2. Increased precipitation, decreased evapotranspiraiion, decreased storm frequency, in-
creased storm severity, decreased drought severity, decreased drought frequency.

Case 3. Decreased precipitation, increased evapotranspiration, increased storm frequency, de-
crease storm severity, increased drought severity, increased drought frequency.

Case 4. Decreased precipitation, increased evapotranspiration, decreased storm frequency, de-
creased storm severity, increased drought severity, decreased drought frequency, de-
creased flooding, decreased overall or seasonal runoff and soil moisture.

Notes

* Water availability may take a number of forms, including available surface runoff, avail-
able groondwater or available soil moisture. Changes in each of these variables most be
evaluated.

" These impacts could appear singly or in a combination. This list is not exhaustive, of
course given the wide range of possible hydrologic effects.
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FIGURE CAPTIONS

Pig.l Water availability for a hypothetical watershed. Length of record is fifty time periods.

During this period, three droughts and three floods were observed, defined as water avail-

ability below or above a specified level. See the text for details.

Fig.2 Case 1. The mean and the variability of water availability has increased in the hypo-
thetical watershed. Note the increase in the severity and frequency of flood events.

Fig. 3 Case 2. In this record, the mean water availability has increased while the variability has
decreased. During this period, the severity and frequency of drought events has decreased
significantly. Flooding frequency has not changed, although the severity of flooding may
increase.

Fig.4 Case 3. Mean water availability decreases here while the variability increases in the
hypothetical watershed. The frequency and severity of drought events has increased dra-
matically. Similarly, the frequency of flood events has slightly increased because of the
increased variability.

Fig.5 Case 4. The mean water availability and the variability of water availability decreases

from the base case. Note the decrease in flooding events and their severity, and the in-

creased drought due to a decrease in the mean availability of water.
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