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Editor’s Preface

 

When I began my professional career at the University of
Nebraska–Lincoln in 1979, I intended to direct my research and
outreach program at the emerging field of climate impact science.
It was fortuitous that a large portion of the United States, including
the Great Plains, Upper Midwest, and Pacific Northwest, had
recently come out of an intense but somewhat short-lived drought
during 1976-1977. This drought spawned a research-oriented work-
shop held at the University of Nebraska in 1979 that focused on
drought impacts and the development of agricultural drought strat-
egies for that area and similar regions. I was given the opportunity
to work with the project team to design the workshop content and
develop pre-workshop materials. Although I had focused my grad-
uate studies on climate variability and the climatology of drought,
my intent was for drought to be only one of several climate-related
subject areas I would address in my career. The workshop led to
two follow-up drought projects directed at an evaluation of govern-
mental drought response policies.

Twenty-five years later, I am still researching and writing about
drought. There must be something fascinating about this subject to
capture my imagination for the past quarter century. As I became
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more engaged in the subject, both as a climate scientist and a
geographer, I became more and more intrigued by its complexity
and the challenges of detecting, responding to, and preparing for
this “natural” hazard. Why was drought such a poorly understood
concept? What was the role of the science community in addressing
this issue? Why were governments so poorly prepared for drought?
Why were governmental policies for dealing with drought nonexist-
ent? From both a scientific and a policy perspective, we have made
considerable progress in addressing many of the issues associated
with improving how society manages drought. Much remains to be
done, however; especially with drought’s interconnections to issues
of integrated water management, sustainable development, climate
change, water scarcity, environmental degradation, transboundary
water conflicts, population growth, and poverty, to name just a few.

 

Drought and Water Crises: Science, Technology, and Management
Issues

 

 is an attempt to explain the complexities of drought and the
role of science, technology, and management in resolving many of
the perplexing issues associated with drought management and the
world

 

’

 

s expanding water crises. Tremendous advances have been
made in the past decade in our ability to monitor and detect drought
and communicate this information to decision makers at all levels.
Why are decision makers not fully using this information for risk
mitigation? Better planning and mitigation tools are also available
today to help governments and other groups develop drought miti-
gation plans. How can we make these methodologies more readily
available and adaptable? In the agricultural and urban sectors, new
water-conserving technologies are being applied that allow more
efficient use of water. How can we promote more widespread adop-
tion of these technologies and their use during non-drought periods?
Progress is being made on improving the reliability of seasonal
drought forecasts to better serve decision makers in the manage-
ment of water and other natural resources. How can these seasonal
forecasts be made more reliable and expressed in ways to better
meet the needs of end users? These and other questions are
addressed by the contributors to this volume. The information
herein will better equip the reader with the knowledge necessary
to take action to reduce societal vulnerability to drought.

In the past, most regions possessed a buffer in their water supply
so periods of drought were not necessarily associated with water
shortages, although impacts were often quite severe. The crisis
management approach to drought management, although ineffec-
tive in reducing societal vulnerability, allowed societies to muddle
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through to the next drought episode. That buffer no longer exists
for most locations. Water shortages are widespread in both devel-
oping and developed countries and in more humid as well as arid
climates—even in years with relatively normal precipitation.
Drought only serves to exacerbate these water shortages and con-
flicts between users. Droughts of lesser magnitude are also resulting
in greater impacts—a clear sign that more people and sectors are
at greater risk today than in the past. When societies are faced with
a long-term drought, such as has been occurring in the western
United States over the past 6 years, governments are desperate to
identify longer term solutions. Unfortunately, this interest often
quickly wanes when precipitation returns to normal—a return to
the “hydro-illogical” mentality.

All drought-prone nations should adopt a more risk-based, pro-
active policy for drought management. To make progress, we must
first recognize that drought has both a natural and a social dimen-
sion. Second, we must involve natural, biological, and social scien-
tists in the formulation and implementation of drought prepared-
ness plans and policies. This book collates considerable information
from diverse disciplines with the goal of furthering drought pre-
paredness planning and reducing societal vulnerability to drought.
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I. INTRODUCTION

 

Drought is an insidious natural hazard that results from a
deficiency of precipitation from expected or “normal” that,
when extended over a season or longer, is insufficient to meet
the demands of human activities and the environment.
Drought by itself is not a disaster. Whether it becomes a
disaster depends on its impact on local people and the envi-
ronment. Therefore, the key to understanding drought is to
understand both its natural and social dimensions.

Drought is a normal part of climate, rather than a depar-
ture from normal climate (Glantz, 2003). The latter view of
drought has often led policy and other decision makers to
treat this complex phenomenon as a rare and random event.
This perception has typically resulted in little effort being
targeted toward those individuals, population groups, eco-
nomic sectors, regions, and ecosystems most at risk (Wilhite,
2000). Improved drought policies and preparedness plans that
are proactive rather than reactive and that aim at reducing
risk rather than responding to crisis are more cost-effective
and can lead to more sustainable resource management and
reduced interventions by government (Wilhite et al., 2000a;
see also Chapter 5).

The primary purpose of this chapter is to discuss drought
in terms of both its natural characteristics and its human
dimensions. This overview of the concepts, characteristics,
and impact of drought will provide readers with a foundation
for a more complete understanding of this complex hazard
and how it affects people and society and, conversely, how
societal use and misuse of natural resources and government
policies can exacerbate vulnerability to this natural hazard.
In other words, we are promoting a holistic and multidisci-
plinary approach to drought. This discussion is critical to an
understanding of the material presented in the science and
technology section of this volume (Part II) as well as in the
various case studies presented in Part III.

We use the term 

 

hazard

 

 to describe the natural phenom-
enon of drought and the term 

 

disaster

 

 to describe its negative
human and environmental impacts.
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II. DROUGHT AS HAZARD: CONCEPTS, 
DEFINITION, AND TYPES

 

Drought differs from other natural hazards in several ways.
First, drought is a slow-onset natural hazard, often referred
to as a creeping phenomenon (Gillette, 1950). Because of the
creeping nature of drought, its effects accumulate slowly over
a substantial period of time. Therefore, the onset and end of
drought are difficult to determine, and scientists and policy
makers often disagree on the bases (i.e., criteria) for declaring
an end to drought. Tannehill (1947) notes:

 

We may truthfully say that we scarcely know a drought
when we see one. We welcome the first clear day after a
rainy spell. Rainless days continue for some time and we
are pleased to have a long spell of fine weather. It keeps
on and we are a little worried. A few days more and we
are really in trouble. The first rainless day in a spell of fine
weather contributes as much to the drought as the last,
but no one knows how serious it will be until the last dry
day is gone and the rains have come again … we are not
sure about it until the crops have withered and died.

 

 

 

Should drought’s end be signaled by a return to normal
precipitation and, if so, over what period of time does normal
or above-normal precipitation need to be sustained for the
drought to be declared officially over? Do precipitation deficits
that emerged during the drought event need to be erased for
the event to end? Do reservoirs and groundwater levels need
to return to normal or average conditions? Impacts linger for
a considerable time following the return of normal precipita-
tion; so is the end of drought signaled by meteorological or
climatological factors, or by the diminishing negative human
impact?

Second, the absence of a precise and universally accepted
definition of drought adds to the confusion about whether a
drought exists and, if it does, its degree of severity. Realistically,
definitions of drought must be region and application (or
impact) specific. Definitions must be region specific because
each climate regime has distinctive climate characteristics (i.e.,
the characteristics of drought differ significantly between
regions such as the North American Great Plains, Australia,
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southern Africa, western Europe, and northwestern India).
Definitions need to be application specific because drought, like
beauty, is largely defined by the beholder and how it may affect
his or her activity or enterprise. Thus, drought means some-
thing different for a water manager, an agriculturalist, a hydro-
electric power plant operator, and a wildlife biologist. Even
within sectors there are many different perspectives of drought
because impacts may differ markedly. For example, the impacts
of drought on crop yield may differ greatly for maize, wheat,
soybeans, and sorghum because each is planted at a different
time during the growing season and has different sensitivities
to water and temperature stress at various growth stages. This
is one explanation for the scores of definitions that exist. For
this reason, the search for a universal definition of drought is
a rather pointless endeavor. Policy makers are often frustrated
by disagreements among scientists on whether a drought exists
and its degree of severity. Usually, policy makers’ principal
interest is the impact on people and the economy and the types
of response measures that should be employed to assist the
victims of drought.

Third, drought impacts are nonstructural and spread over
a larger geographical area than are damages that result from
other natural hazards such as floods, tropical storms, and
earthquakes. This, combined with drought’s creeping nature,
makes it particularly challenging to quantify the impact, and
may make it more challenging to provide disaster relief than
for other natural hazards. These characteristics of drought
have hindered development of accurate, reliable, and timely
estimates of severity and impacts (i.e., drought early warning
systems) and, ultimately, the formulation of drought prepared-
ness plans. Similarly, emergency managers, who have the
assignment of responding to drought, struggle to deal with the
large spatial coverage usually associated with drought.

Drought is a temporary aberration, unlike aridity, which
is a permanent feature of the climate. Seasonal aridity (i.e.,
a well-defined dry season) also must be distinguished from
drought. Considerable confusion exists among scientists and
policy makers on the differentiation of these terms. For exam-
ple, Pessoa (1987) presented a map illustrating the frequency
of drought in northeastern Brazil in his discussion of the
impacts of and governmental response to drought. For a sig-



 

Drought as Hazard: Understanding the Natural and Social Context 7

 

nificant portion of the northeast region, he indicated that
drought occurred 81–100% of the time. Much of this region is
arid, and drought is an inevitable feature of its climate. How-
ever, drought is a temporary feature of the climate, so it
cannot, by definition, occur 100% of the time.

Nevertheless, it is important to identify trends over time
and whether drought is becoming a more frequent and severe
event. Concern exists that the threat of global warming may
increase the frequency and severity of extreme climate events
in the future (IPCC, 2001). As pressure on finite water sup-
plies and other limited natural resources continues to build,
more frequent and severe droughts are cause for concern in
both water-short and water-surplus regions where conflicts
within and between countries are growing. Reducing the
impacts of future drought events is paramount as part of a
sustainable development strategy, a theme developed later in
this chapter and throughout this volume.

Drought must be considered a relative, rather than abso-
lute, condition. It occurs in both high- and low-rainfall areas
and in virtually all climate regimes. Our experience suggests
scientists, policy makers, and the public often associate
drought only with arid, semiarid, and subhumid regions. In
reality, drought occurs in most nations, in both dry and humid
regions, and often on a yearly basis. The intensity, epicenter,
and size of the area affected by drought will vary annually
(see Chapter 12), but its presence is nearly always being felt.
This reality supports the need for a national strategy (see
Chapters 5 and

 

 

 

6).

A. Types of Drought

All types of drought originate from a deficiency of precipita-
tion (Wilhite and Glantz, 1985). When this deficiency spans
an extended period of time (i.e., meteorological drought), its
existence is defined initially in terms of these natural char-
acteristics. The natural event results from persistent large-
scale disruptions in the global circulation pattern of the atmo-
sphere (see Chapter 2). Exposure to drought varies spatially,
and there is little, if anything, we can do to alter drought
occurrence. However, the other common drought types (i.e.,
agricultural, hydrological, and socioeconomic) place greater
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emphasis on human or social aspects of drought, highlighting
the interaction or interplay between the natural characteris-
tics of the event and the human activities that depend on
precipitation to provide adequate water supplies to meet soci-
etal and environmental demands (see Figure 1). For example,
agricultural drought is defined more commonly by the avail-
ability of soil water to support crop and forage growth than
by the departure of normal precipitation over some specified
period of time. No direct relationship exists between precipi-
tation and infiltration of precipitation into the soil. Infiltration
rates vary according to antecedent moisture conditions, slope,
soil type, and the intensity of the precipitation event. Soils
also vary in their characteristics, with some soils having a
high water-holding capacity and others a low water-holding
capacity. Soils with a low water-holding capacity are more
drought prone.

Hydrological drought is even further removed from the
precipitation deficiency because it is normally defined in

Figure 1 Natural and social dimensions of drought. (Source:
National Drought Mitigation Center, University of Nebraska, Lin-
coln, Nebraska, USA.)

Decreasing emphasis on the natural event (precipitation deficiencies)

Increasing complexity of impacts and conflicts

Time/duration of the event

Meteorological

Agricultural

Hydrological

Socioeconomic
& Political
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terms of the departure of surface and subsurface water sup-
plies from some average condition at various points in time.
Like agricultural drought, no direct relationship exists
between precipitation amounts and the status of surface and
subsurface water supplies in lakes, reservoirs, aquifers, and
streams because these components of the hydrological system
are used for multiple and competing purposes (e.g., irrigation,
recreation, tourism, flood control, hydroelectric power produc-
tion, domestic water supply, protection of endangered species,
and environmental and ecosystem preservation). There is also
considerable time lag between departures of precipitation and
when these deficiencies become evident in these components
of the hydrologic system. Recovery of these components is also
slow because of long recharge periods for surface and subsur-
face water supplies. In areas where the primary source of
water is snowpack, such as in the western United States, the
determination of drought severity is further complicated by
infrastructures, institutional arrangements, and legal con-
straints. For example, reservoirs increase this region’s resil-
ience to drought because of the potential for storing large
amounts of water as a buffer during dry years. However, the
operating plans for these reservoirs try to accommodate the
multiple uses of the water (e.g., protection of fisheries, hydro-
electric power production, recreation and tourism, irrigation)
and the priorities set by the U.S. Congress when the funds
were allocated to construct the reservoir. The allocation of
water between these various users is generally fixed and
inflexible, making it difficult to manage a drought period.
Also, legal agreements between political jurisdictions (i.e.,
states, countries) concerning the amount of water to be deliv-
ered from one jurisdiction to another impose legal require-
ments on water managers to maintain flows at certain levels.
During drought, conflicts heighten because of limited avail-
able water. These shortages may result from poor water and
land management practices that exacerbate the problem (e.g.,
see Chapters 10 and 12).

Socioeconomic drought differs markedly from the other
types because it associates human activity with elements of
meteorological, agricultural, and hydrological drought. This
may result from factors affecting the supply of or demand for
some commodity or economic good (e.g., water, grazing, hydro-
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electric power) that is dependent on precipitation. It may also
result from the differential impact of drought on different
groups within the population, depending on their access or
entitlement to particular resources, such as land, and/or their
access or entitlement to relief resources. Drought may fuel
conflict between different groups as they compete for limited
resources. A classic example in Africa is the tension, which
may become violent in drought years, between nomadic pas-
toralists in search of grazing and settled agriculturalists wish-
ing to use the same land for cultivation. The concept of
socioeconomic drought is of primary concern to policy makers.

The interplay between drought and human activities
raises a serious question with regard to attempts to define it
in a meaningful way. It was previously stated that drought
results from a deficiency of precipitation from expected or “nor-
mal” that is extended over a season or longer period of time
and is insufficient to meet the demands of human activities
and the environment. Conceptually, this definition assumes
that the demands of human activities are in balance or har-
mony with the availability of water supplies during periods of
normal or mean precipitation. If development demands exceed
the supply of water available, demand may exceed supply even
in years of normal precipitation. This can result in human-
induced drought. In this situation, development can be sus-
tained only through mining of groundwater and/or the transfer
of water into the region from other watersheds. Is this practice
sustainable in the long term? Should this situation be defined
as “drought” or unsustainable development?

Drought severity can be aggravated by other climatic fac-
tors (such as high temperatures, high winds, and low relative
humidity) that are often associated with its occurrence in many
regions of the world. Drought also relates to the timing (i.e.,
principal season of occurrence, delays in the start of the rainy
season, occurrence of rains in relation to principal crop growth
stages) and effectiveness of the rains (i.e., rainfall intensity,
number of rainfall events). Thus, each drought event is unique
in its climatic characteristics, spatial extent, and impacts (i.e.,
no two droughts are identical). The area affected by drought is
rarely static during the course of the event. As drought emerges
and intensifies, its core area or epicenter shifts and its spatial
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extent expands and contracts. A comprehensive drought early
warning system is critical for tracking these changes in spatial
coverage and severity, as explained below.

B. Characterizing Drought and Its Severity

In technical terms, droughts differ from one another in three
essential characteristics: intensity, duration, and spatial cov-
erage. Intensity refers to the degree of the precipitation short-
fall and/or the severity of impacts associated with the
shortfall. It is generally measured by the departure of some
climatic parameter (e.g., precipitation), indicator (e.g., reser-
voir levels), or index (e.g., Standardized Precipitation Index)
from normal and is closely linked to duration in the determi-
nation of impact. These tools for monitoring drought are dis-
cussed in Chapter 3. Another distinguishing feature of
drought is its duration. Droughts usually require a minimum
of 2 to 3 months to become established but then can continue
for months or years. The magnitude of drought impacts is
closely related to the timing of the onset of the precipitation
shortage, its intensity, and the duration of the event.

Droughts also differ in terms of their spatial character-
istics. The areas affected by severe drought evolve gradually,
and regions of maximum intensity (i.e., epicenter) shift from
season to season. In larger countries, such as Brazil, China,
India, the United States, or Australia, drought rarely, if ever,
affects the entire country. During the severe drought of the
1930s in the United States, for example, the area affected by
severe and extreme drought reached 65% of the country in
1934. This is the maximum spatial extent of drought in the
period from 1895 to 2003. The climatic diversity and size of
countries such as the United States suggest that drought is
likely to occur somewhere in the country each year. On aver-
age 14% of the country is affected by severe to extreme
drought annually. From a planning perspective, the spatial
characteristics of drought have serious implications. Nations
should determine the probability that drought may simulta-
neously affect all or several major crop-producing regions or
river basins within their borders and develop contingencies
for such an event. Likewise, it is important for governments
to calculate the chances of a regional drought simultaneously
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affecting agricultural productivity and water supplies in their
country and adjacent or nearby nations on which they depend
for food supplies. A drought mitigation strategy that relies on
the importation of food from neighboring countries may not
be viable if a regional-scale drought occurs.

III. DROUGHT AS DISASTER: THE 
SOCIAL/POLITICAL CONTEXT

Drought, like all natural hazards, has both a natural and social
dimension. The risk associated with drought for any region is
a product of both the region’s exposure to the event (i.e., prob-
ability of occurrence at various severity levels) and the vulner-
ability of society to the event. Vulnerability can be defined as
“defenselessness, insecurity, exposure to risk, shocks and
stress,” and difficulty in coping with them (Chambers, 1989).
It is determined by both micro- and macro-level factors, and it
is cross-sectoral—dependent on economic, social, cultural, and
political factors. Blaikie et al.’s (1994) disaster pressure model
represents well the interaction of hazard with vulnerability
(Figure 2). They explore vulnerability in terms of three levels.
First, there are the root causes. These may be quite remote and
are likely to relate to the underlying political and economic
systems and structures. Second are the dynamic pressures,
which translate the effects of the root causes into particular
forms of insecurity. These pressures might include rapid pop-
ulation growth, rapid urbanization, and epidemics. As a result,
unsafe conditions are created; for instance, through people liv-
ing in dangerous locations and/or the state failing to provide
adequate protection.

Understanding people’s vulnerability to drought is com-
plex yet essential for designing drought preparedness, miti-
gation, and relief policies and programs. At the micro level,
determinants of vulnerability include:

The physical asset base of the household—for example,
land, livestock, cash

Human capital—for example, productive labor
Social capital—for example, claims that can be made on

other households within the community, perhaps for
productive resources, food, or labor
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All of these refer to the asset base of the household. Generally
speaking, the stronger and more diverse the household’s asset
base, the more drought resilient it is likely to be, and the
greater its options in terms of switching between different
livelihood strategies in response to drought. Thus, the most
impoverished communities are also usually the most vulner-
able to drought, because they have few assets to buffer them.
At the macro level, vulnerability determinants include secu-
rity, strength of local governance structures, accountability of
the state to vulnerable populations, and the associated ability
of the state to provide relief resources. Thus, for example, a
population living in a war-torn country is inevitably more
vulnerable to a natural hazard such as drought.

Traditionally, the approach to understanding vulnerabil-
ity has emphasized economic and social factors. This is most
evident in the livelihoods frameworks that have underpinned
much vulnerability assessment work. These livelihoods frame-
works attempt to make sense of the complex ways in which
individuals, households, and communities achieve and sustain
their livelihoods and the likely impact of an external shock
such as drought on both lives and livelihoods1 (Save the Chil-
dren [UK], 2000; Young et al., 2001). Political factors and power
relationships have usually been underplayed in these frame-
works. For example, institutionalized exploitation and discrim-
ination between individuals, households, and groups are often
overlooked. Yet these may be a key determinant of whether a
particular ethnic group will have access to productive assets
such as land and to relief resources provided by government.
Similarly, many war-torn countries are also drought prone.
Understanding the dynamics and impact of the conflict—from
national to local level—is critical to understanding the popu-
lation’s vulnerability to drought, as described in the case study
of South Sudan presented later in Section V.B.

Some recent work has proposed how the political dimen-
sion of livelihoods analysis can be strengthened by including

1 See, for example, www.livelihoods.org.
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political economy analysis, explicitly including issues of power
(Collinson, 2003). The international aid community’s recent
interest in a rights-based approach to development has the
potential to strengthen further the political aspect of vulnera-
bility analysis in developing countries. In a rights-based
approach, one asks questions about the claims individuals or
households are entitled to, identifies those responsible for meet-
ing these claims—the “duty-bearers”—and is concerned with
the persistent denial or violation of these rights, which renders
an individual or group particularly vulnerable (O’Neill, 2003).
For example, in Gujarat State in India there is institutionalized
discrimination against the dalits (the schedule caste) and kolis
(a tribal community). Not only are these groups denied access
to some social infrastructure, but this institutionalized discrim-
ination can quickly turn a relief program from progressive to
regressive, with the poorest and most marginalized groups
receiving the least assistance. In an emergency response,
exploitative social structures and power relations simply repro-
duce, with even more devastating consequences as limited
relief and rehabilitation resources are captured by the better
off. A rights-based approach should reveal these underlying
patterns of discrimination, and hence vulnerability, and may
require some positive and controversial steps to be taken to
challenge the status quo and prioritize the needs of these mar-
ginalized groups (see Buchanan-Smith, 2003a).

Understanding and measuring the vulnerability to
drought of a population or of particular groups within that
population is not an easy task. It requires an in-depth knowl-
edge of the society and the relationships within that society. It
is not a job for the newcomer. Instead, it benefits from long-
term familiarity, yet the ability to remain objective. Also, vul-
nerability is not a static concept. Hence, no two droughts will
have the same human impact. Ideally, a vulnerability assess-
ment will capture dynamic trends and processes (per Figure
2), not just a snapshot. And the relationship is circular: high
levels of vulnerability mean that a population is particularly
at risk to the negative impact of drought. In turn, the impact
of a prolonged drought may erode the asset base of that popu-
lation, leaving them more vulnerable to future drought events
in the absence of mitigating or preparedness measures.
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Although we can do little if anything to alter drought
occurrence, there are things we can do to reduce vulnerability.
This is where government policy comes into play. For example,
underlying vulnerability can be reduced through development
programs targeted to the poorest, to strengthen their asset
base. Government can provide relief from the immediate
impact of drought through livestock support and provision of
subsidized or free food. In the drought-prone districts of north-
ern Kenya, for example, relief programs have ranged from
emergency livestock purchase schemes (designed to protect
pastoralists’ purchasing power in the face of drought and
reduce pressure on grazing resources) to free food distribu-
tion, to food or cash-for-work programs. The effectiveness of
these relief and recovery programs depends on issues such as
the timeliness of the intervention, the scale and adequacy of
resources, and the approach to targeting. Implemented well,
they have played a key role in protecting both lives and
livelihoods (see, for example, Buchanan-Smith and Barton,
1999; Buchanan-Smith and Davies, 1995).

IV. THE CHALLENGE OF DROUGHT EARLY 
WARNING

Although an understanding of underlying vulnerability is
essential to understand the risk of drought in a particular
location and for a particular group of people, a drought early
warning system (DEWS) is designed to identify negative
trends and thus to predict both the occurrence and the impact
of a particular drought and to elicit an appropriate response
(Buchanan-Smith and Davies, 1995).

Numerous natural indicators of drought should be mon-
itored routinely to determine drought onset, end, and spatial
characteristics. Severity must also be evaluated continuously
on frequent time steps. Although droughts originate from a
deficiency of precipitation, it is insufficient to rely only on this
climate element to assess severity and resultant impacts. An
effective DEWS must integrate precipitation data with other
data such as streamflow, snowpack, groundwater levels, res-
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ervoir and lake levels, and soil moisture in order to assess
drought and water supply conditions (see Chapter 3).

These physical indicators and climate indices must then
be combined with socioeconomic indicators in order to predict
human impact. Socioeconomic indicators include market
data—for example, grain prices and the changing terms of
trade between staple grains and livestock as an indicator of
purchasing power in many rural communities—and other
measures of coping strategies. Poor people usually employ a
sequence of strategies in response to drought. Early coping
strategies rarely cause any lasting damage and are reversible.
In many poor rural communities, examples of early coping
strategies include the migration of household members to look
for work, searching for wild foods, and selling nonproductive
assets. If the impact of the drought intensifies, these early
strategies become unviable and people are forced to adopt
more damaging coping strategies, such as selling large num-
bers of livestock or choosing to go hungry in order to preserve
some productive assets. Once all options are exhausted, peo-
ple are faced with destitution and resort to crisis strategies
such as mass migration or displacement (Corbett, 1988; Young
et al., 2001). Monitoring these coping strategies provides a
good indicator of the impact of drought on the local population,
although by the time there is evidence of the later stages of
coping, it is usually too late to launch a preventative response.

Effective DEWSs are an integral part of efforts world-
wide to improve drought preparedness. (Many DEWSs are, in
fact, a subset of an early warning system with a broader
remit—to warn of other natural disasters and sometimes also
conflict and political instability.) Timely and reliable data and
information must be the cornerstone of effective drought pol-
icies and plans. Monitoring drought presents some unique
challenges because of the hazard’s distinctive characteristics.

An expert group meeting on early warning systems for
drought preparedness, sponsored by the World Meteorological
Organization (WMO) and others, recently examined the sta-
tus, shortcomings, and needs of DEWSs and made recommen-
dations on how these systems can help in achieving a greater
level of drought preparedness (Wilhite et al., 2000b). This
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meeting was organized as part of WMO’s contribution to the
Conference of the Parties of the U.N. Convention to Combat
Desertification (UNCCD). The proceedings of this meeting
documented recent efforts in DEWSs in countries such as
Brazil, China, Hungary, India, Nigeria, South Africa, and the
United States, but also noted the activities of regional drought
monitoring centers in eastern and southern Africa and efforts
in West Asia and North Africa. Shortcomings of current
DEWSs were noted in the following areas:

• Data networks—Inadequate station density, poor data
quality of meteorological and hydrological networks,
and lack of networks on all major climate and water
supply indicators reduce the ability to represent the
spatial pattern of these indicators accurately. 

• Data sharing—Inadequate data sharing between gov-
ernment agencies and the high cost of data limit the
application of data in drought preparedness, mitiga-
tion, and response.

• Early warning system products—Data and information
products are often too technical and detailed. They are
not accessible to busy decision makers who, in turn,
may not be trained in the application of this informa-
tion to decision making.

• Drought forecasts—Unreliable seasonal forecasts and
the lack of specificity of information provided by fore-
casts limit the use of this information by farmers and
others.

• Drought monitoring tools—Inadequate indices exist
for detecting the early onset and end of drought,
although the Standardized Precipitation Index (SPI)
was cited as an important new monitoring tool to
detect the early emergence of drought.

• Integrated drought/climate monitoring—Drought
monitoring systems should be integrated and based on
multiple physical and socioeconomic indicators to fully
understand drought magnitude, spatial extent, and
impacts.

• Impact assessment methodology—Lack of impact
assessment methodology hinders impact estimates and
the activation of mitigation and response programs.
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• Delivery systems—Data and information on emerging
drought conditions, seasonal forecasts, and other prod-
ucts are often not delivered to users in a timely manner.

• Global early warning system—No historical drought
database exists and there is no global drought assess-
ment product that is based on one or two key indicators,
which could be helpful to international organizations,
nongovernmental organizations (NGOs), and others.

As has now been well documented (see, for example,
Buchanan-Smith and Davies, 1995), early warning alone is
not enough to improve drought preparedness. The key is
whether decision makers listen to the warnings and act on
them in time to protect livelihoods before lives are threatened.
There are many reasons why this is often the “missing link.”
For example, risk-averse bureaucrats may be reluctant to
respond to predictions, instead waiting for certainty and
quantitative evidence. This invariably leads to a late response
to hard evidence that the crisis already exists. Who “owns”
the early warning information is also critical to how it is used.
Does it come from a trusted source, or is it treated with
suspicion? Ultimately, sufficient political will must exist to
launch a timely response and hence to heed the early warn-
ings (Buchanan-Smith and Davies, 1995).

V. EXAMPLES OF THE INTERACTION OF 
DROUGHT WITH THE WIDER 
SOCIAL/POLITICAL CONTEXT

A. Southern Africa Food Crisis of 2002–2003

Initially, the southern Africa crisis was presented as a food
crisis triggered by drought. But it soon became apparent that
the roots of the crisis were much more complex. The declines
in rainfall and crop production were not as great as the drought
of a decade earlier, yet the food crisis in 2002–2003 seemed to
be more serious. The reasons varied from one country to
another. Mismanagement and poor governance were key fac-
tors in Zimbabwe, Zambia, and Malawi. In Malawi, one man-
ifestation of this was the well-documented mismanagement of
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strategic grain reserves in the early stages of the food crisis.
In Zimbabwe, economic decline had been dramatic, with a 24%
decline in gross domestic product (GDP) over 3 years to 2003,
rising unemployment, hyperinflation, and shortages of foreign
currency with consequent shortages of basic commodities such
as cooking oil, maize meal, and fuel (Cosgrave et al., 2004). In
both Zimbabwe and Angola, conflict and/or political instability
have been significant contributing factors. Generally, there has
been a failure of growth in this region in recent years and rising
poverty. This has been associated with market failure in the
context of market liberalization (Ellis, 2003). In addition, the
high prevalence of HIV and AIDS has had a devastating impact
at the household level across the region in ways that are only
beginning to be understood (see, e.g., De Waal, 2002, on the
controversial “new variant famine” theory). According to esti-
mates, 20–25% of working-age adults in the region are now
infected with HIV or AIDS.

Thus, the drought of the early 2000s visited a population
that was poorer and more vulnerable than it had been 10
years earlier. Although the drought was less severe in mete-
orological terms, the combined effect of drought plus these
other factors meant that the impact was much more devas-
tating. It is probably fair to say that the extent to which
vulnerability had increased was not fully appreciated until
the food crisis deepened and in-depth studies and analyses
were carried out (Cosgrave et al., 2004). Ellis’s (2003) study
of human vulnerability in southern Africa concludes:

The main policy implication … is that the contemporary
donor-government framework (PRSPS and decentraliza-
tion) needs substantial re-thinking and strengthening
concerning the facilitating institutional context that it
manifestly fails to specify, that would give people space
to thrive rather than just survive. (p. iii)

B. Drought and War in South Sudan in 1998

Bahr El Ghazal province in South Sudan suffered from a
devastating famine in 1998 (Buchanan-Smith, 2003b). The
total number of people who died is unknown. What is known
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is that malnutrition and mortality rates were among the
highest ever recorded. The causes of the famine were a com-
bination of drought and conflict. The civil war in South Sudan
dates back some 40 years, and this particular province has
been subjected to more than a decade of violence and looting.
The 3-year drought leading up to 1998, caused by El Niño,
further depleted the asset base of an already impoverished
population. Coping strategies were severely stretched. How-
ever, it was the combination of drought and a number of war-
related incidents that created the famine. In 1997, there had
been a fundamental shift in the war economy of the region
as the Sudan People’s Liberation Army (SPLA) made military
advances, driving out government troops and causing a col-
lapse in trading relationships between garrisons and the local
population, thus depriving the latter of a key source of live-
lihood. One of the final blows for the urban population in Bahr
El Ghazal were the attacks on three garrison towns, causing
massive displacement of approximately 130,000 people from
towns into rural areas that were already facing acute food
insecurity. Just when the food security situation became cat-
aclysmic, the Sudan Government imposed a ban on all relief
flights in early February 1998, supposedly for security rea-
sons. When the ban was partially lifted in early March, relief
flights were allowed into only four sites, creating a fatal mag-
net effect on an already highly stressed population. The con-
centration of people resulted in increased transmission of
disease, and rocketing mortality.

The irony of this case is that early warning of a crisis
was provided, but it was not acted on until it was too late.
The challenge for early warning practitioners was to convince
decision makers that “this year was different” as a result of
the complex interaction of factors that ultimately created such
deadly conditions. Although a number of aid workers warned
that 1998 could be the worst year for a decade, by their own
admission they did not foresee the speed at which famine
would develop (Buchanan-Smith, 2003b). Just as no two
droughts are the same, no two famines are the same. Thus,
early warning is an art, not a science.



22 Wilhite and Buchanan-Smith

C. Recent Drought Years in the United States, 
1996–2004

Both the micro and macro contexts are also important in
developed countries such as the United States, Canada, and
Australia, where recent droughts have resulted in widespread
and severe impacts in many sectors. In these instances,
greater institutional capacity and resources are available to
monitor, prepare for, and respond to drought, but the impacts
are still devastating to livelihoods as well as to the environ-
ment and social fabric. In the United States, recent droughts
have produced far-reaching impacts on many economic sectors
while also resulting in serious social hardships, especially in
the agricultural community, and significant environmental
consequences. Impact estimates for the 2002 drought
exceeded $20 billion, although there has not been a systematic
assessment conducted at the national level. Average annual
losses from drought in the United States have been estimated
at $6–8 billion (FEMA, 1995). Government actions often lead
to drought relief appropriations in the billions of dollars.
Recent droughts have stimulated greater interest in drought
preparedness and mitigation by states and also by the federal
government as a method to reduce vulnerability and impacts.
These drought years have had substantial impacts on agri-
culture, forest fires, transportation, recreation and tourism,
and energy production. In the west and parts of the southeast,
population growth has been dramatic in recent years and has
furthered the debate on the sustainability of these growth
rates in light of the occurrence of consecutive drought years.
Water resources are often overappropriated in many parts of
the western United States, so the provision of water in sup-
port of agriculture and other uses is becoming more conten-
tious for much of this region.

VI. DROUGHT-VULNERABLE VS. DROUGHT-
RESILIENT SOCIETY

The Drought Discussion Group of the International Strategy
for Disaster Reduction (ISDR) has proposed a new paradigm
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to improve understanding of the drought hazard in the macro
and micro contexts with the goal of enhancing drought pre-
paredness and mitigation efforts in all settings ranging from
local to national and from developing to developed countries
(ISDR Drought Discussion Group, 2003). This new paradigm
emphasizes greater understanding and description of both the
physical features of the hazard and the social factors that
influence societal vulnerability. Figures 3 and 4 are modified
from the Drought Discussion Group’s report and represent
the characteristics of a drought-vulnerable society (i.e., crisis
management) and the discussion group’s vision for future
drought management efforts, respectively.

The society portrayed in Figure 3 is vulnerable to drought
and has not developed the institutional capacity to monitor
its onset and end, to mitigate risk, or to launch a timely relief
response. In this example, there has been no vulnerability
assessment of who and what is at risk and why, a fundamental
prerequisite of a risk-based approach to drought manage-
ment. The result is a reactive approach to drought manage-
ment characterized by delayed crisis response in the post-
drought setting. This often leads to far-reaching negative
impacts and a long period of recovery. Often another drought
episode will occur before the recovery process is complete.

Under the new paradigm for a drought-resilient society,
a risk-based drought policy is developed with preparedness
plans and proactive mitigation strategies. It is part of a long-
term management strategy directed at reducing societal vul-
nerability to drought. Security is a prerequisite. A compre-
hensive early warning system that integrates a wide range
of physical and social indicators has been developed and
implemented. The early warning system works well in deliv-
ering time-sensitive information to decision makers, who, in
turn, have the political will and resources to apply this infor-
mation as part of a comprehensive risk-reducing strategy. In
this model, governance systems work and vulnerable people
are able to claim their rights. Although this may be an ideal,
it highlights the conditions necessary to reduce the risk of
drought and the necessary role of government in drought
mitigation and management.
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VII. SUMMARY AND CONCLUSION

Drought is an insidious natural hazard that is a normal part
of the climate of virtually all regions. It should not be viewed
as merely a physical phenomenon. Rather, drought is the
result of the interplay between a natural event and the

Figure 3 Drought-vulnerable society. (Modified from ISDR Dis-
cussion Group.)
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demand placed on a water supply by human-use systems. It
becomes a disaster if it has a serious negative impact on
people in the absence of adequate mitigating measures.

Many definitions of drought exist; it is unrealistic to
expect a universal definition to be derived. Drought can be
grouped by type of disciplinary perspective as follows: mete-

Figure 4 Drought-resilient society. (Modified from ISDR Discus-
sion Group.)
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orological, agricultural, hydrological, and socioeconomic. Each
discipline incorporates different physical and biological fac-
tors in its definition. But above all, we are concerned with the
impact of drought on people. Thus, definitions should be
impact oriented, combining both physical and socioeconomic
aspects, in order to be used operationally by decision makers.
Definitions should also reflect the unique regional climatic
characteristics.

The three characteristics that differentiate one drought
from another are intensity, duration, and spatial extent.
Intensity refers to the degree of precipitation shortfall and/or
the severity of impacts associated with the departure. Inten-
sity is closely linked to the duration of the event. Droughts
normally take 2 to 3 months to become established but may
then persist for months or years, although the intensity and
spatial character of the event will change from month to
month or season to season.

The impacts of drought are diverse and depend on the
underlying vulnerability of the population. Vulnerability, in
turn, is determined by a combination of social, economic,
cultural, and political factors, at both micro and macro levels.
In many parts of the world, it appears that societal vulnera-
bility to drought is escalating, and at a significant rate. Under-
standing vulnerability is a critical first step in drought
management, for risk reduction and disaster preparedness. A
good vulnerability analysis can play a key role in underpin-
ning a DEWS, designed to predict the occurrence and impact
of drought. But the purpose of an early warning system is
also to elicit a timely response, which in turn depends on
adequate resources and political will.

It is imperative that increased emphasis be placed on
mitigation, preparedness, and prediction and early warning
if society is to reduce the economic and environmental dam-
ages associated with drought and its personal hardships. This
will require interdisciplinary cooperation and a collaborative
effort with policy makers at all levels.
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I. FORECASTING DROUGHT

A. Introduction

Examination of the long-term climate records in some regions
around the globe reveals persistent trends and periods of
below-average rainfall extending over years to a decade or
more, while other regions exhibit episodic, shorter droughts.
Hence it is useful to consider the prediction of droughts on
seasonal to interannual timescales and, separately, on longer
decadal timescales.

B. Seasonal to Interannual Prediction

Our theoretical ability to make an explicit, reliable prediction
of an individual weather event reduces to very low levels by
about 10–15 days (this is called the “weather predictability
barrier”), so forecasts with lead times longer than this should
be couched in probabilistic terms. Consequently, a forecast
with a lead time of a month or more requires a statistical
basis for arriving at a set of probability estimates for the
ensuing seasonal to interannual conditions. Two approaches
allow us to derive these estimates. The first is based on sta-
tistical analyses of the climatic record and assumptions about
the degree to which the statistics of the future record will
differ from the past record. The second, and more recent,
approach is based on the generation of statistics from multi-
ple, explicit predictions of weather conditions using computer
models of the climate system.

1. Forecasts Based on Empirical Analysis of 
the Climate Record

The fact that the earth’s climate system is driven primarily
by the regular rotation of the earth around the sun led to
many efforts during the last two centuries to link the recur-
rence of droughts with cycles observed in the movements
and features of heavenly bodies. Notable among these efforts
were schemes based on the phases of the moon and the
occurrence of sunspots. These purported linkages have been
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proven to be statistically insignificant, evanescent, or of little
practical value. Nonetheless, there are recurring climate
patterns, caused by the interacting dynamics of the earth’s
atmosphere and oceans, that provide some scope for predic-
tion. The development of comprehensive climate records and
the growth of computing power over the past 20 years or so
have enabled a wide range of powerful statistical tools to be
brought to bear to tease out these patterns and incorporate
them into empirical algorithms for predicting future sea-
sonal patterns.

One of the earliest identified and most powerful of these
rhythms, apart from the annual cycle itself, is the El
Niño/Southern Oscillation phenomenon, often referred to as
ENSO. The robustness of ENSO-related patterns over time
in the distribution of rainfall, air and sea temperatures, and
other climatic variables, and the fact that the phenomenon is
caused by slowly varying components of the ocean–atmo-
sphere system, renders it useful as a predictor. ENSO-based
indices (e.g., Troup, 1965; Wolter and Timlin, 1993) are the
dominant predictors for statistically based seasonal predic-
tion schemes over many parts of the globe, although other
indices are now being combined with ENSO for different
regions—for example, North Australia/Indonesia (Nicholls,
1984), the Indian Ocean (Drosdowsky, 1993), and the North
Atlantic (McHugh and Rogers, 2001).

One of the simplest of the statistical prediction methods
is based on the underlying premise that the behavior of a
dominant pattern in the future climate will continue to rep-
licate the behavior observed in the past record. A systematic
scan of the record of the Southern Oscillation Index (SOI), for
example, can reveal occurrences, or “analogs,” when the track
of the index over recent months was “similar” to the track in
corresponding months in several past years (Stone and Aul-
iciems, 1992).

More complex approaches for deriving empirically based
forecasting schemes have been implemented in several oper-
ational forecasting centers throughout the world. A typical
example is the methodology developed for the scheme used
by the Australian National Climate Centre for forecasting
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probability ranges of seasonal (3-month) rainfall and temper-
atures (maximum and minimum). This methodology (Dros-
dowsky and Chambers, 1998) involves:

1. Identification of predictands (e.g., rainfall and tem-
perature) and possible predictors (sea surface tem-
peratures representative of one or more areas).

2. Construction of the statistical model, including pro-
cedures for the optimum selection and weighting of
predictors.

3. Verification or estimation of forecast skill.

Improvements in the forecast skill of such statistical
schemes likely will plateau, because they are generally con-
strained by a limited number of useful predictors and rela-
tively short periods of data. Most statistical methods also
exhibit large variations in their skill level throughout the
year—because of seasonal variations in statistical relation-
ships between climate variables—and for particular regions.
Further, if there are slow or even rapid changes of climate
underway that are not adequately captured in the past
record (as has indeed occurred in recent decades), it is pos-
sible that the skill of the forecasts may be lower than would
be the case in a more stable climate. Despite these problems,
statistically based schemes will likely remain useful and
sometimes potent weapons for forecasting meteorological
droughts.

2. Explicit Computer Model Predictions

Between about 1970 and 1980, the basis for generating daily
weather forecasts moved from sets of empirical, observation-
ally based rules and procedures to explicit predictions made
by computer models of the three-dimensional structure of the
atmosphere. However, in order to make similar progress in
computer-based forecasting on longer time scales, it was
essential to incorporate the slower contributions to variability
from ocean circulations and variations of the land surface. In
the last two decades, there have been significant improve-
ments in the understanding of processes in the atmosphere
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and the ocean and in the way in which the atmosphere inter-
acts with, or is coupled to, the various underlying surfaces.
These advances in knowledge, combined with an expanded
range of data and a massive increase in computer power, have
made it possible to develop prediction schemes based on com-
puter models that represent the entire earth/ocean/atmo-
sphere system (e.g., Stockdale et al., 1998).

Although such schemes are still in their infancy, rapid
developments are underway. For example, it is now evident
that the details of a season’s outcome are modulated by pro-
cesses occurring on shorter, intraseasonal timescales, which
may affect, for example, the timing and intensity of patterns
of decreased or increased rainfall (Slingo et al., 1999; Schiller
and Godfrey, 2003). Hence, efforts are being made to ensure
that computer models of the coupled system can simulate and
predict such short-term modes of variability. It is likely, too,
that improvements in predictive skill on seasonal to interan-
nual timescales, and hence improvements in prediction of
droughts, will be realized from further expansions in the
observational base, especially from the oceans (e.g., Smith,
2000); from the ability to generate larger prediction ensem-
bles from individual computer models (Kumar and Hoerling,
2000); and from combined ensembles from several different
computer models (Palmer et al., 2004).

Work is also underway to improve the spatial resolution
at which seasonal forecasts can be made, through statistical
“downscaling” techniques, through the nesting of high-reso-
lution regional-scale climate models within coarser resolution
global-scale models, and by increasing the resolution of the
global models.

Despite these developments, it will never be possible to
consistently generate forecasts of individual events beyond
the 10–15-day weather predictability barrier. What these
developments promise, however, is the generation of reliable
short-term model-based “forecast climatologies” from which
one can then generate probabilistic assessments of likely cli-
mate anomalies over a month, a season, or longer—for exam-
ple, of conditions conducive to the onset, continuation, or
retreat of drought.
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C. Can We Forecast Droughts on Even Longer 
Time Scales?

Improvements in seasonal forecasting have arisen from
advances in knowledge made as a result of the careful analysis
of data collected over time. The growth in knowledge about
the circulation of the oceans and its modes of variability,
which was stimulated in large measure during the 1980s with
the implementation of the Tropical Ocean Global Atmosphere
(TOGA) and World Ocean Circulation Experiment (WOCE)
projects of the World Climate Research Program, is beginning
to reap rewards in the identification and understanding of
even slower modes of variability than are at work on seasonal
timescales. In particular, in the two ocean basins that extend
to both polar regions, evidence exists in both oceanic and
atmospheric records of quasi-rhythmic variations with times-
cales of a decade or so known as the North Atlantic Oscillation
(Hurrell, 1995) and the Pacific Decadal Oscillation (Nigam et
al., 1999). There is also evidence of decadal variations in
ENSO. Its signal, for example, has been more evident in
rainfall patterns of the western regions of the United States
since the late 1970s compared to the previous quarter century,
when its influence was stronger over southern and central
regions (Rajagopalan et al., 2000). Slow variations of this
nature complicate the challenge of forecasting drought using
the statistics of the historical record alone.

Much has yet to be learned about what drives these slow
variations (Miller and Schneider, 2000; Alexander et al., 2001)
and thence how to predict them. We must continue to advance
our knowledge in this area if we are to improve our skill in
forecasting drought, especially in those areas that have seen
downward trends in rainfall—for example, the Sahel region
of West Africa (Zeng et al., 1999) and the far southwest of
Western Australia (IOCI, 2002).

The path to better prediction of droughts on the decadal
scale involves identifying correlated patterns of variability in
atmospheric and oceanic records, investigating the physical
and dynamic processes at work, representing those processes
within a hierarchy of computer models, and developing sets of
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statistics from a range of predictive models. Although research
tends to focus on one scale or the other, implementation of the
results at the practical level must integrate the outcomes of
many complex processes across all timescales. This will be best
done by those models of the coupled system that have the
capacity to represent all the key processes involved, whatever
the timescale. This is clearly not a trivial task.

II. CLIMATE PREDICTION AND DROUGHT 
EARLY WARNING SYSTEMS

Early warning systems (EWSs) have become increasingly suc-
cessful at recognizing the development of potential famines
and droughts. Saidy (1997) pointed out that in 1992 EWSs
were successful in sounding the alarms about the drought
emergency. Although some warnings, such as those given in
southern Africa during 1997–1998, were not followed by full-
blown droughts and famines, such events are not necessarily
forecast failures because most, if not all, seasonal forecasts
are issued as probabilities for dry, near-normal, or wet condi-
tions. Although there has been increasing focus on economic
and social indices to complement physical information, a sea-
sonal forecast for drought potentially provides an early indi-
cation of impending conditions. Economic and social indices
tend to follow the development of drought and are valuable
to confirm the existence of drought conditions.

Food security will exist when all people, at all times, have
access to sufficient, safe, and nutritious food for a healthy and
active life (World Food Summit, 1996). However, certain parts
of the globe have shown themselves to be more vulnerable to
droughts and famines because of variable climate, marginal
agriculture, high dependence on agriculture, and social and
military conflict. The populations of many countries in sub-
Saharan Africa suffer from chronic malnutrition, with fre-
quent famine episodes. Achieving food and water security will
remain a development priority for Africa for years to come.
Even in a nation that is food secure at the national level,
household food security is not guaranteed.
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A “famine EWS” has been defined as a system of data
collection to monitor people’s access to food (Buchanan-Smith,
1997). However, this definition suggests the collection of mon-
itoring data is sufficient to provide an early warning. The
provision of prediction information (a forecast) increases the
time available to elicit a response, but it does not guarantee
that the appropriate response will result. A famine EWS
should consider the demand side (what is required), the sup-
ply side (what is available), and food entitlement (the ability
to access what is available). Drought early warning plays an
important role in forecasting the supply side.

Before too much investment of time and effort is placed
in drought or rainfall early warning (as a physical event), one
needs to ask what the “drought early warning system” is
intended to achieve. A drought early warning forecast must
identify components of a drought that strongly affect food
supply and the development of famine conditions, along with
factors affecting water supply. Drought EWSs should incor-
porate a broad range of information in order to provide a
balanced perspective of conditions. Although no particular
kind of information is a unique indicator, a famine EWS
cannot do without physical information such as rainfall
(including forecasts) or drought early warning. In fact, these
types of information are practically the only types that can
provide a longer lead-time forecast to the development of a
drought.

Glantz (1997) defined famine as “a process during which
a sharp decline in nutritional status of at-risk population
leads to sharp increases in mortality and morbidity, as well
as to an increase in the total number of people at risk.”
Quoting Murton (1991), he goes on to say that the purpose of
an early warning system is “to inform as many people as
possible in an area-at-risk that a dangerous and/or damaging
event is imminent and to alert them to actions that can be
taken to avoid losses.”

The first purpose of a drought EWS is to determine the
probability of a drought event and to monitor its spatial
extent, duration, severity, and those who may be potentially
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affected. This requires an appreciation of the climatology of
the area and the crop calendars. As described by Walker
(1989), a famine EWS should detect, evaluate, and predict the
hazard. It uses monitoring tools such as remote sensing, mar-
ket conditions, and climate forecasts, as well as geographical
information systems to isolate the extent of the hazard area.
Huss-Ashmore (1997) examined the question of what predic-
tions are needed for a famine EWS. In order to pursue an
increase in food imports at a national level, governments
require a significantly earlier indicator of potential problems.
However, information such as drought early warning indi-
cates only the potential for problems, whereas output-related
indicators show the emergence of actual problems. Delaying
a response until this information is available would generally
result in some level of food shortage.

A significant challenge in developing a drought EWS is
the range of spatial and temporal scales of the information
available. On one hand, market prices of staple crops on a
week-to-week basis may be monitored. But this information
needs to be integrated with global three-monthly (and even
possibly longer) regional climate forecasts. Related to this
problem is information that only partly reflects the real infor-
mation requirement. For example, global climate forecasts
generally forecast seasonal rainfall totals, but this informa-
tion may not relate to the necessary agricultural rainfall dis-
tribution during the season or the required crop growth
season.

It is important to ensure that the information is used
to the best advantage in order to determine a timely and
appropriate response. Walker (1989) noted that this involves
interpreting the available information and preparing a mes-
sage that is clear and easily understood. To realize the ben-
efits of early warning, response is the issue, not developing
ever-more sophisticated indicators (IFRC, 1995). This
requires careful interpretation and presentation of the data.
Bulletins such as those prepared by the FEWS NET, South-
ern African Development Community Food, Agriculture and
Natural Resources Vulnerability Assessment Committee,
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and World Food Program make use of maps, tables, dia-
grams, and short paragraphs of text to get the message
across. Products are tailored to target groups such as gov-
ernment ministers, donors, humanitarian organizations, and
disaster management authorities. Walker (1989) highlighted
the need to spread the message through the appropriate
channels in order to elicit the appropriate response. Wilhite
(1990) emphasized the need for an EWS to provide decision
makers at all levels with information concerning the onset,
continuation, and termination of drought conditions—essen-
tial for formulating an adequate response to an expected
drought situation. Saidy (1997) suggested that the early
warning units be connected to response mechanisms and
functionally be responsible for early warning and response.
This would benefit both those who prepare the early warning
bulletins and those in charge of response.

Different types of information are ready at different
times. Climate forecasts may provide indications of a
drought several months in advance, whereas social and eco-
nomic indicators will gain prominence at the stage when the
drought or famine sets in. Sometimes anecdotal information
and media reports can provide early warnings. Good baseline
data is essential because many areas regularly experience
pre-harvest “hungry seasons,” so an indicator that simply
highlights a seasonal event is not useful. A drought EWS
needs to include all components that could contribute to a
drought or a drought-related famine. This includes produc-
tion (weather, yield, carry-over stocks), exchange (markets,
prices, and availability), consumption (affordability, health)
of food, and communication. A broader range of indicators
can result in a more robust index of drought or famine. Many
EWSs now use multi-indicator models that incorporate a
wide range of biophysical and socioeconomic indicators
(Buchanan-Smith, 1997).

A vulnerability analysis should complement a drought
EWS. This could indicate areas that will be first affected and
help with prioritization of humanitarian aid. Matching the
impending hazard with the vulnerability of farming systems
and rural communities enables decision makers to tailor
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response strategies for the greatest impact. A vulnerability
profile should include, inter alia, trends in recent rainfall,
production, prices, reserves, nutritional status, soil fertility,
and household status (Ayalew, 1997)

For many years, the primary purpose of drought EWSs
has been, directly or indirectly, to notify external organiza-
tions of the impending adverse situation. The traditional
focus for assistance for African countries has been western
countries and international aid organizations. Often exter-
nal donor aid is driven by scenes of devastation. Thus the
very act of responding in good time to a drought warning or
potential drought situation may lead to a decrease in
response. To encourage the long-term sustainability of
drought EWS organizations, they need to integrate the out-
looks with farming strategies the local population can use
to decrease their inherent vulnerability. Examples of such
practices include the increase of rainfall harvesting technol-
ogy and the use of an “outlook spreadsheet.” Developed by
E. Mellaart (personal communication, 2002), the outlook
spreadsheet allows farmers to examine potential yield or
economic profit under various climate and farming system
regimes. The user enters into the model the current seasonal
forecast and then determines what the yield (or economic
profit/loss) might be, depending on the agricultural choices
made and the range of possible weather outcomes, either for
a single season or over several seasons. Yields can be esti-
mated assuming that the forecast is correct or is completely
wrong, or when a risk-reducing strategy is adopted. The
spreadsheet needs to be seeded with yield (or economic) data
for a range of management options and under a range of
weather scenarios. This could provide a useful focus for
agricultural research.

Monitoring and analysis of weather systems must remain
a central part of EWSs. Early warning systems have played a
critical role in identifying and alerting key decision makers to
imminent droughts. However, as they mature, the emphasis
will no doubt have to switch to a greater extent to domestic
applications.
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III. IMPEDIMENTS TO USING CLIMATE 
PREDICTIONS FOR DROUGHT 
MITIGATION

A survey of the scientific literature, and experience in opera-
tional seasonal climate prediction, reveals that a variety of
impediments obstructs the optimal use of seasonal climate
forecasts, especially in drought mitigation (Nicholls, 2000).

The limited skill obtainable with climate predictions is
well known and is often cited as a reason for the limited use
of climate predictions. Awareness of the existence of an El
Niño episode in 1997 led to mitigation efforts in southern
Africa in anticipation of a possible drought in 1998. A major
drought did not materialize that year; so the forecast led to
preparations that created negative impacts, such as reducing
the amount of seed purchased by farmers because they feared
their crops would fail (Dilley, 2000).

Glantz (1977) noted a variety of social, economic, envi-
ronmental, political, and infrastructural constraints that
would limit the value of even a perfect drought forecast. He
concluded that a drought forecast might not be useful until
adjustments to existing social, political, and economic prac-
tices had been made. Hulme et al. (1992), in a study of the
potential use of climate forecasts in Africa, suggested that
forecasts may be useful at the national and international level
(e.g., in alerting food agencies to possible supply problems),
but they also concluded that improvements in institutional
efficiency and interaction are needed before the potential ben-
efits of the forecasts could be realized. Broad and Agrawala
(2000), discussing the 2000 food crisis in Ethiopia, concluded
that “even good climate forecasts are not a panacea” to the
country’s food crisis.

Felts and Smith (1997) noted that many decision makers
receive climate information through secondary sources, such
as the popular media or professional or trade journals, rather
than from primary sources such as meteorological agencies.
Nicholls and Kestin (1998) discussed the communication prob-
lems associated with the Australian Bureau of Meteorology’s
seasonal climate outlooks during the 1997–1998 El Niño.
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Toward the end of 1997 it became clear that there was a wide
gap between what the bureau was attempting to say (i.e., an
increased likelihood of drier-than-normal conditions) and the
message received by users (i.e., definitely dry conditions, per-
haps the worst drought in living memory). Some of this gap
arose from confusion about the use of terms such as likely in
the outlooks. It appears that users and forecasters interpret
likely in different ways (Fischhoff, 1994). Those involved in
preparing the forecasts and media releases intended to indi-
cate that dry conditions were more probable than wet condi-
tions. Many users, however, interpreted likely as “almost
certainly dry, and even if it wasn’t dry then it would certainly
not be wet.”

Users may tend to underreact to a forecast or downplay
the likelihood of disasters (Felts and Smith, 1997). At a policy
level, one might assume that potential users of climate fore-
casts might be more knowledgeable about the basis and accu-
racy of climate prediction, and its potential value, compared
with the average individual user such as a farmer. However,
some decision makers tend to dismiss the potential value of
predictions for decision making because of uncertainty about
the accuracy of the forecasts, confusion arising from forecasts
coming from different sources at the same time, or cursory
analyses found no potential value.

Murphy (1993) noted that forecasts must reflect our
uncertainty in order to satisfy the basic maxim of forecast-
ing—that a forecast should always correspond to a forecaster’s
best judgment. This means that forecasts must be expressed
in probabilistic terms, because the atmosphere is not com-
pletely deterministic. In addition, the degree of uncertainty
expressed in the forecast must correspond with that embodied
in the preparation of the forecast.

Pfaff et al. (1999) noted that whoever has a reliable
forecast first is in a position to use it to his or her advantage.
To ensure that a drought EWS provides benefits to all, the
communication system must be transparent—that is, the
information and the process by which that information is
gathered, analyzed, and disseminated needs to be open to all
(Glantz, 2001). Such transparency can increase trust between
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potential users and the providers of the forecast information.
Inter-ministerial rivalries (e.g., between agricultural minis-
tries and meteorological services) and jurisdictional disputes
must be set aside to ensure optimum use of a drought EWS.

The above description of problems in the use of climate
predictions probably seems depressing. However, the adoption
of a systems approach (Hammer, 2000) to drought forecasting
and mitigation can help to minimize if not avoid such imped-
iments. As Broad and Agrawala (2000) put it, for climate
prediction to be useful in drought mitigation, we “must forge
a partnership with society that is based on a clear under-
standing of social needs and a transparent presentation of its
[the prediction’s] own potential contribution.”

IV. CLIMATE CHANGE AND DROUGHT 
MITIGATION

Nicholls (2004) demonstrated that record warm temperatures
in Australia accompanying the 2002–2003 drought were likely
the result of a continuation of the apparently inexorable
warming seen since the mid 20th century. In turn, the possi-
bility that such warming is at least partly due to the enhanced
greenhouse effect and, therefore, likely to continue in the
future is difficult to ignore. The record warm temperatures
exacerbated the 2002 drought, by increasing evaporation and
the curing of fuels for wildfires. Thus, even though the severity
of the drought, as measured by rainfall deficiencies, was no
lower than other droughts (e.g., in 1961 and 1994), the 2002
drought was likely more severe. Similar effects are expected
across much of the globe in the future because of the enhanced
greenhouse effect (IPCC, 2001), with increased summer dry-
ing and associated risk of drought and with warming likely
to lead to greater extremes of drying.

What do such changes mean for the use of climate pre-
dictions for drought mitigation? First, it will be necessary to
predict temperatures as well as rainfall, even in areas where,
traditionally, rainfall has been the variable leading to drought
hardship. Second, these temperature and rainfall forecasts
will need to be synthesized into a drought forecast; this will
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require more sophisticated drought monitoring systems able
to take into account the effect of changes in meteorological
variables other than rainfall. Third, any forecast system will
need to take account of the long-term climate changes (in both
temperature and rainfall); it will be incorrect to assume that
climate is variable but statistically stationary in the future.
Finally, all the aspects will need to be communicated to users
if the forecasts are to be used in the future as effectively as
they might have been used before climate change.
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I. INTRODUCTION: THE IMPORTANCE OF 
DROUGHT MONITORING

As the world moves into the 21st century, the stresses on
available water resources will continue to grow. In the United
States, increasing growth and development are already
straining water supplies not only for the major metropolitan
areas of the arid West, but also for areas such as Atlanta,
Georgia, in the relatively humid eastern United States. Issues
surrounding shared water resources across international
boundaries, such as the Colorado and Rio Grande River basins
between the United States and Mexico and the Great Lakes
and Columbia River basins between the United States and
Canada, will also continue to grow. Droughts, as a normal
natural hazard in most climates, will compound these con-
cerns. Therefore, because of serious drought impacts on water
resources-related issues, planning for and responding effec-
tively to future droughts will be critically important.

A key component to drought risk management and to
breaking the “hydro-illogical cycle” (illustrated in Chapter 5)
is drought monitoring. Decision makers need timely and accu-
rate information about the development of drought condi-
tions—in effect, an early warning system so they can
anticipate the onset of drought and be prepared. They also
need accurate and timely assessments of drought severity so
appropriate responses can be coupled with current or antici-
pated drought impacts. In addition, during drought recovery,
decision makers need information that can document the sta-
tus of recovery and identify if and when the event is over.
Drought monitoring must be a continuous process so the haz-
ard and its impacts do not creep up on a region. Decision
makers would also benefit from short- and long-term drought
forecasting tools that allow them to anticipate and respond
to a drought episode with greater precision.

One constraint to effective drought monitoring has
always been the lack of a universally accepted definition.
Scientists and decision makers must accept that the search
for a single definition of drought is a hopeless exercise.
Drought definitions must be specific to the region, application,
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or impact. Drought must be characterized by many different
climate and water supply indicators. Impacts are complex and
vary regionally and on temporal timescales. As described by
Steinemann et al. (Chapter 4), drought monitoring indicators,
ideally, should be tied directly to triggers that assist decision
makers with timely and effective responses before and during
drought events.

The need for improved drought monitoring is highlighted
by recent widespread and severe droughts that have resulted
in serious economic, social, and environmental impacts in
many countries. In the United States, these droughts have
fostered development of improved drought monitoring data
and tools and collaborations between scientists. This chapter
discusses some of these new developments as well as the
current status of drought forecasting in the United States.

II. PAST EFFORTS

Steinemann et al. (Chapter 4) highlight several of the drought
indicators used to monitor drought conditions. The fact that
the Palmer Drought Severity Index (PDSI) gained so much
attention and acceptance in the years following its develop-
ment (Palmer, 1965), particularly in the United States, indi-
cated that decision makers needed tools to monitor and
respond to drought events. Before the PDSI, most drought
monitoring efforts used some representation of precipitation,
but these were largely applicable to specific locations and not
appropriate for many applications (e.g., regional comparisons)
(Heim, 2000).

The PDSI and its assortment of companion indices were
quickly accepted because they considered both supply and
demand, even if (in retrospect) imperfectly. Palmer had
attempted to develop a drought index that included a simpli-
fied two-layer soil model and a demand component affected
by temperature (Heim, 2000). The index also attempted to
standardize for location and time, so that the values could be
compared between different climate regimes. Historical cal-
culations could easily be made, so comparisons through time
at one spatial point were possible. The index provided a simple
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scale that decision makers and the public could associate with
various levels of drought severity.

Unfortunately, the PDSI’s many weaknesses and limita-
tions have been identified over the years (Alley, 1984; Gutt-
man, 1991; Guttman, 1998; Guttman et al., 1992; Hayes et
al., 1999). Other indices and techniques have been developed
in the United States to sidestep some of the weaknesses. The
Surface Water Supply Index (SWSI) was developed to account
for the snowmelt-based water resource characteristics of the
western United States (Shafer and Dezman, 1982). The sta-
tistical and temporal properties of SWSI are not well charac-
terized or understood, and the method has yet to be
thoroughly critiqued in the manner of Alley (1984). Garen
(1993) modified the original SWSI procedure to incorporate
water supply forecasts during the winter season.

In 1993, a group of scientists at Colorado State Univer-
sity (McKee et al., 1993) developed a new drought index, the
Standardized Precipitation Index (SPI). Extensive studies
showed that the PDSI was highly correlated (typically r >
0.90) with precipitation at certain timescales (almost always
6–12 months), and therefore temperature added little supple-
mentary information. Although based on precipitation alone,
the SPI was designed to address many of the weaknesses
associated with the PDSI and intended to provide a direct
answer to the questions most commonly posed by water man-
agers. The SPI “suite” provides information on absolute and
relative precipitation deficits and excesses on a variety of
timescales and on the frequency or likelihood of occurrence.
The SPI can clearly show situations that are simultaneously
in excess and deficit on different timescales (e.g., short wet
episodes within long dry periods, or vice versa) and highlights
rather than overlooks such common behavior. To date, this
greatest strength of the SPI has been its least exploited.

Even with the development of the SPI and SWSI, four
major limitations to drought monitoring remain:

1. Temporal frequency of data collection. Most changes
are slow, but drought status can change appreciably
in the course of a day (e.g., with heavy rain or snow),
or over a few days to a week (e.g., spells of high heat,
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low humidity, high winds, significant evaporation or
sublimation of snowpack, sensitive phenologic stages,
shallow soil moisture depletion by high evapotrans-
piration demand, and so forth). Thus, daily updates
represent about the right frequency of new informa-
tion. In many instances, data are measured and col-
lected only on monthly, or sometimes weekly,
timetables and are often unavailable for several days
or weeks because of manually intensive processing
methods. Concerns about the quality of near-real-
time data and the quality control process involved in
providing of usable recent data have also contributed
to these temporal limitations.

2. Spatial resolution. In most cases spatial resolution
has been at a coarse, regional scale. In the United
States, much of the climate information has been
organized by climate divisions. These divisions fail to
provide the required spatial detail of drought condi-
tions needed by decision makers, especially in the
West, where topographic gradients predominate.

3. Use of a single indicator or index to represent the
diversity and complexity of drought conditions and
impacts. Decision makers need multiple indicators to
understand the spatial pattern and temporal times-
cales within and between regions.

4. Lack of reliable drought forecasting products. To
respond effectively, decision makers need to antici-
pate the development and cessation of a drought
event and its progression.

III. NEW DEVELOPMENTS

During the past decade, significant progress has been made
in developing new drought monitoring tools and revising some
of the existing tools. Most of these developments have
improved the temporal and spatial resolution of drought mon-
itoring, providing better information to decision makers
regarding specific events. Other developments include near-
real-time access to data and improved information sharing,
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available as a result of the Internet; satellite technology;
geographic information systems (GIS); and supercomputing
capabilities.

A. U.S. Drought Monitor

One of the best examples of a new drought monitoring tool is
the U.S. Drought Monitor (http://drought.unl.edu/dm). The
National Drought Mitigation Center (NDMC), U.S. Depart-
ment of Agriculture (USDA), and National Oceanic and Atmo-
spheric Administration’s (NOAA) Climate Prediction Center
(CPC) and National Climatic Data Center (NCDC) author the
weekly Drought Monitor (DM) map, which was first released
in 1999. The DM is not a forecast; rather, it was designed as
a comprehensive drought assessment that reflects the exist-
ing drought situation across the country. Because multiple
physical conditions may be present at once and no preferred
scale exists for assessing drought, the DM also incorporates
and heavily weights human expertise and judgment in the
assessment of associated impacts.

The DM defines four categories of drought severity based
on increasing intensity (D1–D4), with a fifth category (D0)
indicating an abnormally dry area (possible emerging drought
conditions or an area that is recovering from drought but may
still be seeing lingering impacts). The drought categories rep-
resented by this scale are moderate (D1), severe (D2), extreme
(D3), and exceptional (D4). 

Several characteristics of the DM product make it unique
and successful. One of its strengths is that the five categories
are based on a percentile approach, where D0 is approxi-
mately equal to the 30th percentile; D1, the 20th; D2, the
10th; D3, the 5th; and D4, the 2nd (Svoboda et al., 2002a).

A second key strength of the DM product is that it is
based on multiple indicators. One indicator is not adequate
to represent the complex characteristics of drought across a
region. Therefore, it is important that a product like the DM
use a variety of quantitative and qualitative indicators. The
key indicators used in creating the weekly DM map include
streamflow, measures of recent precipitation, drought indices,
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remotely sensed products, and modeled soil moisture. Many
other ancillary indicators are also used, depending on the
region and the season. For example, in the western United
States, indicators such as snow water content, reservoir infor-
mation, and water supply indices are important for evaluating
the current and future availability of water. These indicators
inherently incorporate the effects of hydrological lag and rela-
tionships across space and time between climate and the
surface or groundwater system.

The Drought Monitor also incorporates information from
approximately 150 scientists and local experts around the
country. The DM seeks corroborative impact information to
provide added confidence in the initial assessments gained
from purely quantitative information describing the physical
environment. This kind of “ground truth” is important and
increases broad-based credibility of the product with users.

The Drought Monitor has performed another equally
important role by focusing discussions of drought issues and,
in particular, the need for additional information and products.
In this regard, the DM has been an unqualified success. Build-
ing on the U.S. experience, drought experts in Canada, Mexico,
and the United States developed the experimental North Amer-
ican Drought Monitor (NADM) product in 2002 and produce
monthly reports (http://www.ncdc.noaa.gov/oa/climate/mon-
itoring/drought/nadm/). The NADM represents an important
step in a cooperative, multinational effort to improve monitor-
ing and assessment of climate extremes throughout the conti-
nent (Lawrimore et al., 2002). Other nations and regions have
expressed interest in a product like the DM.

Products resulting from the DM process include the CPC
weekly short- and long-term products, which “blend” multiple
quantitative indicators used in making the DM. The two blends
attempt to identify drought severity differences resulting from
shorter and longer timescales. These products, known as the
Objective Blends of Drought Indicators (OBDI), are available
at the CPC website (http://www.cpc.ncep.noaa.gov/products/
predictions/experimental/edb/droughtblend-access-
page.html).
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B. Climate Delivery Systems

New tools and technologies have improved the capacity to
monitor real-time precipitation measurements around the
United States, largely resulting from the development of the
Applied Climate Information System (ACIS) (Pasteris et al.,
1997). The primary goals of ACIS are to integrate data from
several unique networks into one transparent database main-
tained by the six NOAA regional climate centers and provide
software tools to create a wide variety of climate-related prod-
ucts. A web-based interface provides access to near-real-time
National Weather Service (NWS) Cooperative (COOP)
Observer Network data, NCDC preliminary and historical
datasets, and regional climate center network datasets. ACIS
will eventually include information from a variety of federal
networks (i.e., SNOTEL [SNOwpack TELemetry], SCAN [Soil
Climate and Analysis Network], the Remote Automated
Weather Stations network) and other regional and state
Mesonet data from around the United States.

A related tool is currently being developed as part of a
collaborative project between USDA’s Risk Management
Agency and the Department of Computer Science and Engi-
neering, the NDMC, and the High Plains Regional Climate
Center (HPRCC), all located at the University of Nebraska.
This project has led to the development of the National Agri-
cultural Decision Support System (NADSS). The NADSS web-
site (http://nadss.unl.edu) contains a collection of decision
support tools designed to help agricultural producers assess
a variety of climate-related risks. A national interface is being
developed to enable a user to generate tabular or map prod-
ucts for the continental United States, or for any individual
state or station. Calculations for the SPI, PDSI, a newly
derived self-calibrated PDSI (Wells et al., 2004), and a soil
moisture model can all be generated and presented in map
or table form. This operational tool is based on preliminary,
quality-controlled, near-real-time data utilizing the ACIS
interface.

NOAA’s plan for modernizing the COOP network through
automation of the existing network and development of the
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National Cooperative Mesonet (a network of networks, incor-
porating traditional stations, airports, other networks, and
other sensors, such as soil moisture probes at many locations)
can potentially support improved drought monitoring
(National Weather Service, 2003). This network is the back-
bone of the United States’ long-term climate observation net-
work, which is vital to monitoring drought. Having access to
this critical and credible data resource in near real time will
sustain our ability to create products that can better meet
users’ spatial and temporal needs.

C. Hydrological Indicators

In the mountainous western United States, snow is the dom-
inant form of precipitation affecting streamflow, and snow-
melt supplies about three quarters of the region’s streamflow.
This supply generally originates in rather small and elevated
areas, where precipitation is concentrated and much
enhanced by interactions with topography accounting for a
disproportionate fraction of the snow and eventual runoff.
Frozen precipitation is much more difficult to measure than
liquid, and these measurements are taken in remote and
climatically hostile environments that severely tax equip-
ment, sensor technology, and human observers. These envi-
ronments receive large amounts of precipitation, even in
generally arid lands. This cold precipitation reduces direct
loss (by evaporation and sublimation), and the subsequent
modest metering of melt rates (limited largely by the rate of
energy reception from the sun) ensures that a much higher
percentage of winter precipitation participates in the soil
recharge phenomena than is the case with summer precipi-
tation. Much summer precipitation, especially in hotter cli-
mates and even when intense, evaporates immediately and
does not contribute to subsurface recharge. In addition, the
seasonal cycle of precipitation varies greatly with elevation,
and mountains and valleys that adjoin each other can have
very different, and often poorly correlated, precipitation and
temperature histories. Thus, high-altitude precipitation needs
to be measured accurately and with sufficient spatial resolu-
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tion, and separately from precipitation at low altitudes (Red-
mond, 2003).

The Natural Resources Conservation Service (NRCS) is
the key collector and provider of snowpack data through its
Snow Survey and Water Supply Forecasting program. The
NRCS collects snow water equivalent, precipitation, and tem-
perature data from nearly 700 automated SNOTEL stations
and snow water equivalent and snow depth data from more
than 900 manually sampled sites in 12 western states and
Alaska. In addition, the NRCS collects snowpack data in Ver-
mont, New Hampshire, Pennsylvania, and Minnesota through
SCAN. The data are posted to the National Water and Climate
Center homepage (http://www.wcc.nrcs.usda.gov) when
received and are updated daily.

Real-time streamflow and groundwater monitoring sys-
tems have been established for the United States by the U.S.
Geological Survey (USGS). The streamflow monitoring sys-
tem, called “Water Watch,” is available on the USGS website
(http://water.usgs.gov/waterwatch/). This system has been
in place for several years, but new analysis tools continue to
be added to the site to improve monitoring capability. In
addition to the daily streamflows available, new 7-day flows
are now being updated daily, with additional experimental
timescales (14-, 21-, and 28-day) that may soon be available
to the public as well. These timescales provide representations
of the streamflow characteristics around the United States
that are less susceptible to the effects of single weather
events. One useful feature of the USGS streamflow displays
is that the daily and N-day average values are expressed in
terms of percentiles derived from the entire historical record.

The USGS groundwater monitoring system, the Ground-
water Climate Response Network, was developed more
recently (http://groundwaterwatch.usgs.gov/). This system
also presents information in terms of percentiles, facilitating
its incorporation into the DM. Both the surface and ground-
water monitoring systems utilize satellite telemetry, which
allows near-real-time data transmission and the usage of
nationally standardized time intervals, such as calendar days.
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Individual states provide important supplemental groundwa-
ter information, particularly in the eastern United States.
Despite these improvements, timely groundwater monitoring
around the United States remains a critical indicator that
needs further enhancement. In many sections of the country
it can be difficult to find locations for monitoring wells that
are unaffected by deliberate or inadvertent regional with-
drawals and other subsurface manipulation of aquifers.

Currently, most states in the western United States cal-
culate the SWSI (Shafer and Dezman, 1982). The basic
approach of the SWSI is to try to depict reservoirs, streamflow,
snowpack, and precipitation in nondimensionalized forms.
The methods used to calculate the SWSI vary by state. How-
ever, there are plans to produce a West-wide Basin Water
Index (BWI). This tool will incorporate precipitation, snow-
pack (snow water equivalent), streamflow, reservoir storage,
and other appropriate hydroclimatic elements to assist in the
preparation of the DM. The regional BWI will also be an input
indicator for a new water resources monitor product being
considered for development for the United States on a
monthly basis (Svoboda et al., 2002b).

D. Soil Moisture

Soil moisture measurements, along with groundwater moni-
toring, continue to be one of the biggest needs in drought
monitoring (Svoboda et al., 2002a). Soil moisture is an impor-
tant indicator of agricultural drought. In addition to the
progress being made by implementing soil moisture probes in
several statewide Mesonets, SCAN slowly continues to expand
in its goal to provide a network of soil moisture monitoring
sites for the United States. SCAN has approximately 100 sites
in 38 states, with plans for expansion as funds become avail-
able. Soil moisture data would benefit the DM and many other
products and serve as ground truth information for satellite
remote sensing products. It would also benefit the initializa-
tion and verification of soil moisture models, such as the CPC
soil moisture model used in the development of the DM.
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E. Satellite

Satellite observations provide an important means to monitor
vegetation condition dynamics over large areas by providing
timely, spatially continuous information at high resolutions.
Recent developments have improved satellite’s drought mon-
itoring capabilities, particularly regarding the impacts on the
seasonal cycle of vegetation growth that includes green-up,
maturity, senescence, and dormancy. A collaborative team of
scientists from the USGS EROS, Earth Resources Observa-
tion Systems, Data Center, the NDMC, and the HPRCC is
developing a prototype drought monitoring system that inte-
grates information from climate and satellite databases using
data mining techniques (Brown et al., 2002). The goal is to
model the relationships between climate-based drought indi-
cators and satellite-derived seasonal vegetation performance
using the Normalized Difference Vegetation Index (NDVI) to
produce a timely and spatially detailed drought monitoring
product for decision makers at all levels using the Internet
as the primary del ivery mechanism (http://gis-
data.usgs.gov/website/Drought_Monitoring /viewer.asp).

F. Environmental and Qualitative Indicators

Few environmental and qualitative indicators exist, and cer-
tainly very few are examined on a regional or national scale.
Potential indicators within this category include tree health
and mortality, water quality measures, wildlife population
and intrusion indicators, and public metrics. Many of these
indicators would form the basis for an improved drought mon-
itoring system that places far greater reliance on impacts to
assess drought status and to corroborate physical data, an
attribute of drought monitoring that is currently almost non-
existent in the United States and in most countries. The
importance of these indicators cannot be overlooked as poten-
tial drought monitoring tools.

G. Water Management Considerations

The preceding discussion has glossed over an extremely
important factor: in most locations, water systems are highly
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manipulated. Human decisions can affect water supply and
demand, so that drought status can represent a highly non-
linear, and even occasionally counterintuitive or paradoxical,
response to the climate drivers and their history (Redmond,
2002).

Throughout the United States, but in the western states
in particular, the physical facts of climate and its extreme
variation in space, and the manner in which snow is trans-
formed into streamflow and groundwater, have led to the
establishment of a highly intricate and interwoven set of legal,
cultural, historical, and physical components to the system
for providing water. This system developed piecemeal for
about a century and a half, and although it is slowly evolving,
the monitoring system, and particularly its interpretive func-
tion, must acknowledge and account for the influence of these
exceedingly influential factors. One must consider the intri-
cacies of the system of reservoirs (and the purpose of each
one); the connecting rivers, canals, and tunnels; the ground-
water system; the reservoir represented by snowpack; and the
state of surface cover and vegetation. If water is reserved for
certain purposes (e.g., spring fish migration flows), full reser-
voirs may be present even during drought. Management deci-
sions may be equally influential in determining the water
supply picture. There need to be entry points for such infor-
mation in descriptive tools for drought.

IV. DROUGHT FORECASTING

Decision makers must have accurate drought monitoring
information to respond successfully during drought events.
Accurate drought forecast information and tools about future
conditions are equally important. The science of drought fore-
casting, however, is in its infancy. To forecast drought, it is
important to know something about the causes of drought.
Drought is usually established by persisting high pressure
that results in dryness because of subsidence of air, more
sunshine and evaporation, and the deflection of precipitation-
bearing storms. This is usually part of a persistent large-scale
disruption in the global circulation pattern. Scientists are
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looking for local or distant influences that might create such
atmospheric blocking patterns.

In March 2000, NOAA’s CPC launched a new drought
forecast tool for the United States called the Seasonal Drought
Outlook (SDO) (http://www.cpc.ncep.noaa.gov/prod-
ucts/expert_assessment/seasonal_drought.html). This tool is
issued monthly at the same time as the traditional long-range
seasonal temperature and precipitation forecasts. The SDO
attempts to anticipate the pattern and trends for drought
conditions across the country 3 months in advance. The devel-
opment of the SDO incorporates a mix of tools, including
statistical techniques based on historical natural and “con-
structed” analogues, historical drought index probabilities
based on the time of the year, and various dynamical and
statistical precipitation and temperature outlooks spanning
various time periods. The SDO forecasts have met with mixed
success so far, a major stumbling block being the difficulty of
forecasting rainfall, or lack thereof, during the summer.

Given the sensitivity of the atmosphere to small-scale
upper-level disturbances and the difficulty of forecasting such
factors more than several days in advance, as well as the
inherent “noisiness” of the rainfall pattern during summer,
drought forecasts will be a challenge for a long time. That’s
the bad news. The good news is that continuing research on
the mechanisms responsible for large-scale precipitation and
drought patterns should lead to slow but useful improvements
in seasonal forecasts and longer term forecasts. The forecasts
will never attain the accuracy currently expected for short-
term temperature and rainfall forecasts, but they should be
better than flipping a coin … maybe a lot better.

V. CONCLUSION

The need for drought monitoring tools for decision makers
around the world is tremendous. Most of the tools discussed
in this chapter have been implemented in the United States,
but they have potential applications worldwide. The DM prod-
uct, for example, has received a lot of attention internation-
ally, and various regions and nations have investigated
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whether it is possible to develop a similar tool. A momentum
is building globally for improved drought monitoring capabil-
ities. In the United States, NOAA and the Western Governors’
Association have teamed with experts from around the coun-
try to begin to develop a National Integrated Drought Infor-
mation System (NIDIS) that will not only work to improve
drought monitoring techniques, but also improve how this
information can be used for decision support by a wide range
of decision makers. Various programs within the United
Nations are promoting improved drought monitoring and
planning strategies around the world. These recent develop-
ments regarding drought monitoring are encouraging and
may signal that decision makers are finally interested in
breaking the “hydro-illogical cycle” to reduce future drought
impacts.
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I. OVERVIEW OF INDICATORS AND 
TRIGGERS

Drought indicators are variables that describe the magnitude,
duration, severity, and spatial extent of drought. Typical indi-
cators are based on meteorological and hydrological variables,
such as precipitation, streamflows, soil moisture, reservoir
storage, and groundwater levels. Several indicators can be
synthesized into a single indicator on a quantitative scale,
often called a drought index. Although drought indices can
provide ease of implementation, the scientific and operational
meaning of an index value may raise questions, such as how
each indicator is combined and weighted in the index and how
an arbitrary index value relates to geophysical and statistical
characteristics of drought.

Drought triggers are threshold values of an indicator that
distinguish a drought level and determine when management
actions should begin and end. Triggers ideally specify the
indicator value, the time period, the spatial scale, the drought
level, and whether conditions are progressing or receding.
Drought levels (or phases or stages) are categories of drought,
with nomenclature such as mild, moderate, severe, and
extreme, or stage 1, stage 2, and stage 3.

Drought indicators and triggers are important for several
reasons: to detect and monitor drought conditions; to deter-
mine the timing and level of drought responses; and to char-
acterize and compare drought events. Operationally, they
form the linchpin of a drought management plan, tying
together levels of drought severity with drought responses.

Of the more than 150 published definitions of drought
(Wilhite and Glantz, 1985), one theme emerges: drought is a
condition of insufficient water to meet needs (Redmond, 2002).
Water needs and water supplies differ depending on context,
and thus the characterization of drought can require different
indicators and quantifications for triggers. The most common
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relate to meteorological and hydrological water availability
and uses (Byun and Wilhite, 1999; Heim, 2002; Wilhite and
Glantz, 1985).

Meteorological drought indicators are associated with
climatological variables such as precipitation, temperature,
and evapotranspiration. Meteorological indices include the
Palmer Drought Severity Index (PDSI) (Palmer, 1965), deciles
(Gibbs and Maher, 1967), and the Standardized Precipitation
Index (SPI) (McKee et al., 1993). Precipitation is a widely
used and useful indicator; it can directly measure water sup-
plies, it influences hydrological indicators, and it can reflect
drought impacts over different time periods and sectors. Yet
meteorological indicators, such as precipitation, can pose ana-
lytic challenges because of temporal and spatial variability,
lack of data, and insufficient observation stations. The PDSI
has been one of the most widely used indices in the United
States, even though the SPI has advantages of statistical
consistency and the ability to reflect both short- and long-
term drought impacts (Guttman, 1998; Hayes et al., 1999).
An evaluation of common indicators, according to six criteria
of performance, indicates strengths of the SPI and deciles over
the PDSI (Keyantash and Dracup, 2002).

Hydrological drought indicators relate to water system
variables such as groundwater levels, streamflows, reservoir
storage, soil moisture, and snowpack. Hydrological indices
include the Surface Water Supply Index (SWSI) (Shafer and
Dezman, 1982) and the Palmer Hydrological Drought Index
(PHDI) (Karl, 1986). These indicators reflect that hydrological
drought usually is slow to develop and persists longer than
meteorological drought. For instance, groundwater is usually
a later indication of drought conditions and a more conserva-
tive indicator for recovering from drought, yet its usefulness
may be limited by poor understanding of subsurface condi-
tions and anthropogenic influences. Streamflows can inte-
grate other indicators, such as soil moisture, groundwater,
and precipitation, yet can also be heavily influenced by
anthropogenic factors, such as development and diversions.
Reservoir levels and reservoir storage are easy to measure,
yet operating rule curves may complicate assessments of
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drought conditions. The PHDI was designed to reflect longer
term hydrological impacts, and the SWSI was developed to
address some of the limitations of the Palmer indices by incor-
porating water supply information. Both of these indices, how-
ever, can be difficult to interpret directly and compare
consistently. The various strengths and limitations of common
indices will now be examined in greater detail.

A. Precipitation

Precipitation, as a variable, can be transformed into several
types of indices:

1. Percent of normal can analyze a single region or a
single season, yet it is easily misunderstood and gives
different values depending on the location and time
period. Further, mean precipitation (the average
amount) usually differs from median precipitation
(the amount exceeded 50% of the time) because pre-
cipitation tends to be skewed rather than normally
distributed. For a positively skewed precipitation dis-
tribution, the median is less than the mean, so below-
normal (below-average) precipitation is more likely
than above-normal precipitation. For instance, in
Melbourne, Australia, median precipitation for Feb-
ruary is 32.4 mm, but this is only 68.6% of “normal”
when compared to the mean (47.2 mm) (AU-CBM,
2003). Using percent of normal can make it difficult
to link a value of a departure with a specific impact
occurring as a result of the departure, and thus to
design appropriate drought mitigation and response
measures (Willeke et al., 1994).

2. Deciles (Gibbs and Maher, 1967) can address limita-
tions of the percent of normal approach. The long-
term precipitation record is divided into tenths of
percentiles, called deciles: the lowest 20% is much
below normal; next lowest 20% is below normal; mid-
dle 20% is near normal; next highest 20% is above
normal; and highest 20% is much above normal. The
deciles method was selected over the PDSI for the
Australian Drought Watch System for simplicity, con-
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sistency, and understandability (Smith et al., 1993).
One challenge, though, is that a long climatological
record with consistent observation stations is needed
to calculate the deciles accurately. Also, deciles can
be difficult to apply if officials and the public are not
familiar with the system.

3. Standardized Precipitation Index (SPI), developed by
McKee et al. (1993), quantifies precipitation deficit
for multiple timescales, such as for 3-, 6-, 9-, and 12-
month prior periods, relative to those same months
historically. These different timescales are designed
to reflect the impacts of precipitation deficits on dif-
ferent water resources. For instance, soil moisture
conditions respond to precipitation anomalies on a
relatively short scale, whereas groundwater, stream-
flow, and reservoir storage reflect longer term precip-
itation anomalies.

The SPI relies on a long-term precipitation record, typically
at least 30 years, for a desired region, such as a climate
division. This record is fitted to a probability distribution,
such as the gamma distribution or Pearson III, so that a
percentile on the fitted distribution corresponds to the same
percentile on a gaussian distribution (Panofsky and Brier,
1958). That percentile is then associated with a Z score for
the standard gaussian distribution, and the Z score is the
value of the SPI.

The categories of the SPI, according to McKee et al.
(1993), are as follows:

One advantage of the SPI is that it is standardized, so
its values represent the same probabilities of occurrence,
regardless of time period, location, and climate. A disadvan-

SPI Values Drought Category Cumulative Frequency

0 to –0.99 Mild drought 16–50%

–1.00 to –1.49 Moderate drought 6.8–15.9%

–1.50 to –1.99 Severe drought 2.3–6.7%

–2.00 or less Extreme drought <2.3%
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tage is that the SPI values may not be intuitive to decision
makers. Also, equal categorical intervals have differing prob-
abilities of occurrence. For instance, the probability differen-
tial between an SPI of –1.0 and –1.5 is 9.1% (moderate
drought); between an SPI of –1.5 and –2.0, the probability
differential is 4.4% (severe drought), even though both repre-
sent an index differential of 0.5.

B. Palmer Drought Severity Index (PDSI) and 
Palmer Hydrologic Drought Index (PHDI)

The PDSI, based on the Palmer Drought Model (Palmer,
1965), has been one of the most commonly used drought indi-
cators in the United States. One reason for its popularity is
that its development in 1965 preceded other indices and
resulted in its widespread use and wide-ranging application.
The PDSI is derived from a moisture balance model, using
historic records of precipitation, temperature, and the local
available water capacity of the soil. The PHDI uses a modifi-
cation of the PDSI to assess longer term moisture anomalies
that affect streamflow, groundwater, and water storage. A
primary difference between the PDSI and the PHDI is in the
calculation of drought termination, using a ratio of moisture
received to moisture required to definitely terminate a
drought. With the PDSI, a drought ends when the ratio
exceeds 0%, if it remains greater than 0% until reaching
100%. With the PHDI, a drought does not end until the ratio
reaches 100% (Karl, 1986; Karl et al., 1987).

The PDSI and PHDI are calculated for climate divisions,
typically on a monthly basis, with cumulative frequencies
representing all months and all climate divisions (Karl, 1986):

PDSI/PHDI Drought Category Cumulative Frequency (approx.)

0.00 to –1.49 Near normal 28–50%
–1.50 to –2.99 Mild to moderate 

drought
11–27%

–3.00 to –3.99 Severe drought 5–10%
–4.00 or less Extreme drought 4%
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These PDSI/PHDI values, however, are not spatially and tem-
porally invariant. Cumulative frequencies vary, depending on
the region and time period under consideration (Guttman et
al., 1992; Karl et al., 1987; Nkemdirim and Weber, 1999; Soulé,
1992). For example, the category of “extreme drought,” with
the overall frequency of 4%, varies in frequency from less than
1% in January in the Pacific Northwest to more than 10% in
July in the Midwest (Guttman et al., 1992; Karl et al., 1987).
As another example, the probability of “extreme drought” in
Virginia varies as follows: Climate Division 1 for January,
4.17%; Climate Division 1 for July, 2.08%; Climate Division 6
for January, 3.21%; Climate Division 6 for July, 1.04% (Lohani
et al., 1998).

As regional drought indices, the PDSI and PHDI permit
comparisons of drought events over relatively large areas. The
Palmer indices also offer a long-term historic record, going
back more than 100 years. Yet the Palmer indices and their
water balance model have several limitations (Alley, 1984;
Guttman et al., 1992; Karl, 1986; Karl and Knight, 1985). The
Palmer indices are not particularly suitable for droughts asso-
ciated with water management systems, because they exclude
water storage, snowfall, and other supplies. They also do not
consider human impacts on the water balance, such as irri-
gation. The values for determining the severity of the drought,
and the beginning and end of a drought, were arbitrarily
selected based on Palmer’s studies of central Iowa and Kan-
sas. The water balance model has been critiqued on several
grounds; for instance, soil moisture capacities of the two soil
layers are independent of changes in vegetation. The meth-
odology used to normalize the values is only weakly justified
on a physical or statistical basis. For instance, for climatic
regions with a large interannual variation of precipitation,
the statistical measure of normal is less meaningful than
other measures, such as the range, median, or mode of the
precipitation distribution (Wilhite and Glantz, 1985). The
indices are based on departures from climate normals, with
no consideration of precipitation variability, so they tend not
to perform well in regions with extreme variability in rainfall
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or runoff (Smith et al., 1993). Although the Palmer indices
are widely applied within the United States, they have little
acceptance elsewhere (Kogan, 1995).

C. Surface Water Supply Index

The SWSI, pronounced swazee, was developed by Shafer and
Dezman (1982) to address limitations of the Palmer indices
and incorporate water supply data, such as snow accumula-
tion and melt, which are important in the western United
States. The index is based on four components: snowpack,
streamflow, precipitation, and reservoir storage. Monthly data
for each component are analyzed according to probabilities of
occurrence, combined into an overall index, and weighted
according to their relative contributions to surface water in
the basin. A modified SWSI (Garen, 1993) provides stronger
statistical foundations to the index, with drought categories
and cumulative frequencies as follows:

An advantage of the SWSI is that it represents water supply
conditions unique to each hydrological area, such as regions
heavily influenced by snowpack. Limitations are that chang-
ing data sources or water supply sources require that the
entire index be recalculated to account for changes in the
frequency distributions and the weights of each component.
For instance, discontinuing any station means that new sta-
tions need to be added to the system and new frequency
distributions need to be determined for that component. Thus,
a homogeneous time series of the index is difficult to maintain.
If extreme events are beyond the historical time series, the
index will also need to be recalculated. Further, because the
index is unique to each basin, comparisons among basins or
regions are limited (Doesken et al., 1991).

SWSI Drought Category Cumulative Frequency (approx.)

–2.00 to 0.00 Mild drought 26–50%
–3.00 to –2.00 Moderate drought 14–26% 
–4.00 to –3.00 Severe drought 2–14%
Below –4.00 Extreme drought <2%
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The following sections provide guidance in the develop-
ment, implementation, and evaluation of these common indi-
cators. Although the purpose of this chapter is not to review
all possible indicators and triggers, these key examples will
nonetheless illustrate important and more general concepts.
For additional details on specific indicators and definitions,
see, for example, Dracup et al. (1980), Fisher and Palmer
(1997), WMO (1992), and Heim (2002).

II. MULTIPLE INDICATORS AND TRIGGERS: 
CHALLENGES AND SOLUTIONS

A. Typical Problems with Indicators and Triggers

Because drought can be characterized in many different ways,
and because single indicators often prove inadequate for deci-
sion makers, multiple indicators and triggers can be useful.
Challenges arise in trying to combine multiple variables and
values in a drought management plan. Indicator scales may
be incomparable, and trigger values may be statistically
inconsistent.

Comparison of the three index scales above illustrates
common problems with indicators and triggers in drought
plans. These problems exist not only for values of indices (e.g.,
SPI, PDSI/PHDI, SWSI), but also for values of indicators (e.g.,
total monthly precipitation, average monthly streamflow,
average monthly reservoir levels), for several reasons:

First, drought categories (levels) are inconsistent in
terms of cumulative frequency. For instance, “severe drought”
occurs 4.4% of the time for the SPI, 5% for the PDSI/PHDI,
and 12% for the SWSI. Second, index values are difficult to
interpret directly (What does a –1.5 index value mean?) and
imply different probabilities of occurrence for different indi-
cators. A value of –1.5 represents a cumulative probability of
6.7% for the SPI, approximately 27% for the PDSI/PHDI, and
32% for the SWSI. Third, as we saw earlier, the values of the
indicator can vary, in terms of frequencies, depending on time
and location (with the exception of the SPI). Finally, because
of these inconsistencies, trying to use more than one indicator
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in operational drought management can cause confusion and
impede effective and timely drought response.

An evaluation of state drought plans in the United States
reveals wide variation in quality concerning indicators and
triggers. The four plan types characterized represent incre-
mental degrees of detail:

1. The plan mentions indicators, but without details on
how these indicators are measured or used. For
instance, an indicator of “precipitation” is mentioned,
but not whether precipitation is measured by the SPI,
deciles, or another approach. Also lacking are triggers
and drought plan levels.

2. The plan provides some guidance on indicators, but
without information on trigger values and corre-
sponding drought levels. For instance, a plan may say
that “streamflows” are monitored by the “monthly
mean values,” but the values associated with drought
levels and responses are not specified.

3. The plan provides indicators and triggers, typically
raw values of the indicators, which often lack statis-
tical consistency. For instance, the plan may use the
SPI-6, PHDI, and streamflows, but these indicator
values have different probabilities of triggering each
drought plan level. Thus, some indicators influence
triggering more than others. Even if the plan specifies
how the triggers may be combined, that combination
method may also be statistically inconsistent.

4. The plan contains details on indicators and trigger
values, plus triggers and associated drought levels
are statistically comparable. One way to accomplish
this is through a percentile-based approach, which is
described in the next section.

B. Percentiles for Drought Indicators and 
Triggers

A solution for using multiple and often statistically inconsis-
tent indicators in a drought management plan is to transform
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all indicators, triggers, and drought levels to a scale based on
percentiles. Then trigger values are associated with the per-
centiles defining the drought levels. The usefulness of this
approach becomes apparent when trying to compare, combine,
and choose among drought indicators and trigger values. It
offers a consistent and equitable basis for evaluation, ease of
interpretation, and application to water management deci-
sions, such as by relating triggers to familiar concepts as
return periods and probabilities of occurrence.

Indicators and indices can be transformed to percentiles
by fitting a distribution to the data (such as a gamma distri-
bution or Pearson III for precipitation) or by developing an
empirical cumulative distribution function (ECDF) using
ranking algorithms, plotting positions, or other cumulative
probability estimators (Harter, 1994). The drought plan trig-
gers are then based on percentiles instead of raw indicator or
index values.

For instance, suppose one uses the PDSI as an indicator
in a drought plan. Rather than specify a single PDSI value
(such as –1.5) for triggering a drought level (such as moderate
drought) for all locations and time periods, instead specify
either a percentile (such as 0.20) or a PDSI value associated
with that percentile for each location and time period (e.g.,
0.20 associated with a PDSI value of –1.3 for January for
Climate Division 1, a value of –1.2 for February for Climate
Division 1, and so forth for each month for each climate
division).

To do this, stratify the long-term record of PDSI data by
location (such as climate division) and time period (such as
month) or in subsets of data that approximate stationarity.
Then develop an ECDF for each stratified dataset, using a
method such as: p(xi) = (i)/(n + 1), where p(xi) is the cumulative
probability estimator; xi is the value of the drought indicator;
i is the rank of the order statistic xi, where i = 1, … , n (in
order from smallest to largest values); and n is the number
of data values. Next, select the desired percentile for trigger-
ing a certain level of a drought plan (such as the 20th per-
centile for moderate drought). Using each ECDF, extract or
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extrapolate the PDSI value associated with that percentile.
A similar approach can be used for other indicators, whether
based on a theoretical or empirical distribution, such that
each trigger value associated with each drought level is sta-
tistically consistent (Steinemann, 2003).

C. Example: The U.S. Drought Monitor

One example of a product developed from multiple indicators
is the weekly U.S. Drought Monitor product (see Chapter 3).
This product, originally released in August 1999, was devel-
oped to provide a weekly assessment of drought conditions
across the United States on a general scale. What makes the
Drought Monitor unique is that it incorporates a variety of
quantitative indicators and is adjusted based on qualitative
information from a network of local experts around the coun-
try. The quantitative indicators include the Palmer and Stan-
dardized Precipitation Indices, streamflow information, a soil
moisture model, precipitation totals for various time periods,
and a vegetation index derived from satellite data. Although
some of this information is available in percentiles, the map
derives from a subjective combination of this information and
the qualitative indicators.

An advantage of the Drought Monitor is that the map
provides a “big picture” assessment of drought conditions
across the country for the public, media, policy makers, and
others interested in a relatively simple representation of the
overall drought situation. It also recognizes that because of
the complexity of drought conditions and impacts, it is
important to make adjustments to the drought depiction
based on the qualitative information. The network of local
experts provides a crucial accountability process to make
sure the Drought Monitor map is representing drought con-
ditions at this larger scale. The Drought Monitor, however,
is not meant to capture local drought conditions, and this is
a major limitation. It should not be used for making decisions
at smaller resolutions, representing counties, for example.
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III. DEVELOPING AND EVALUATING 
INDICATORS AND TRIGGERS

From a systematic review of state and local drought plans and inter-
views with water officials, we have developed a set of considerations
and criteria for indicators and triggers.

A. Considerations for Drought Indicators and 
Triggers

1. Suitability for drought types of concern. An indicator
needs to reflect the type of drought of concern, includ-
ing aspects of water demands, water supplies,
drought vulnerabilities, and potential impacts.
Because drought depends on numerous factors, no
single indicator is likely to cover all types of drought.
In choosing indicators, a first consideration is that
they should make sense for the context. For instance,
the Palmer indices may not be appropriate as sole
indicators for managed water systems because they
do not incorporate reservoir storage. Reservoir stor-
age, on the other hand, may not be appropriate as a
sole indicator for agricultural areas that use only
groundwater for irrigation.

2. Data availability and consistency. The performance
of an indicator depends on the availability and qual-
ity of the data. Many indicators may be conceptually
attractive, but are difficult, costly, unreliable, or
impractical to generate, so they may not be appropri-
ate for use. When choosing an indicator, consider the
following questions: Are the data readily available?
Is the indicator straightforward to calculate? Are the
data trustworthy? Will the analytic expense justify
the decision-making value? Does the value of the
indicator vary, depending on the source of data or
method of calculation? Is there a consistent long-term
record, and will the data be consistently generated
in the future? Many drought plans use indicators
based on data that are already collected, subjected to
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quality control, and consistently reported, such as by
a government agency.

3. Clarity and validity. Indicators and triggers need to
be readily understood and scientifically sound, so
that drought decisions can be made and defended on
the basis of them. In addition, they should be tested
before a drought and evaluated after a drought to see
how well they performed. A pre-drought assessment
could involve generating historic sequences of trig-
gers and comparing them to human assessments of
the drought triggers that should have been invoked
during that time. Another approach is to conduct
virtual drought exercises with stakeholders and deci-
sion makers, using different sets of triggers and com-
paring management responses. A post-drought
evaluation could involve a similar process of compar-
ing actual triggers invoked to triggers that would
have provided the greatest decision-making value.

4. Temporal and spatial sensitivity. Indicators and trig-
gers need to consider both temporal and spatial vari-
ability, because indicator levels that imply drought
conditions for one time period or one region could
imply wet or normal conditions for another time
period or region. For instance, “monthly total precip-
itation of 3 inches” could imply dry conditions in early
spring but wet conditions in late summer, or imply
dry conditions for a mountainous area of a state but
wet conditions for a desert area of the same state.

5. Temporal and spatial specificity. Indicators and trig-
gers should specify the temporal and spatial scale of
analysis. Indicators need to be associated with a spe-
cific period of calculation. For instance, the SPI-6
calculates the precipitation anomaly for a prior 6-
month period relative to that same 6-month period
historically. Triggers also need to be associated with
a time period for determining drought levels and
responses. For example, “SPI-6 below –1.5 for two
consecutive months would invoke Level 2 drought.”
In this case, the indicator’s time period would be the
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six prior months and the trigger’s time period would
be two consecutive months. Indicators also should
define the scale of analysis, such as a climate division
or hydrological basin for precipitation, soil moisture,
and snowpack. For other indicators, such as ground-
water, reservoir levels and storage, and streamflows,
the spatial scale may be implicitly defined by the
selection of a specific well, reservoir, or gauging sta-
tion. Indicators should, nevertheless, specify the spa-
tial scale of drought that they seek to represent, such
as a set of streamflows to represent drought within
a certain river basin. Triggers need to define the
spatial scale of implementation of drought responses,
such as the use of three groundwater wells to trigger
drought responses within an entire climate division
or county. Even a trigger such as a reservoir level
does not necessarily imply that the spatial scale of
response is that reservoir, but instead could trigger
responses, such as water use restrictions, for an
entire state.

6. Drought progression and recession. At each level of a
drought plan, indicators and triggers should be
defined for getting into and out of a drought,. Even
though many drought plans assume that the pro-
gressing triggers can be reversed to function as the
receding triggers, this approach may not be desirable
from a drought management perspective. Different
management goals may exist for going into a drought
versus coming out of a drought. For instance, it may
be important to implement water use restrictions as
soon as drought conditions start developing, but to
be more conservative and wait to lift restrictions
when drought conditions appear to be recovering.
Trigger examples would be to invoke a drought level
after two consecutive months in a certain or more
severe level, but to wait to revoke drought restric-
tions until after four consecutive months in a certain
or less severe level.
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7. Statistical consistency. Triggers need to be statisti-
cally consistent with drought levels and other trig-
gers in a drought plan. As we saw earlier, the
probabilities of occurrence of the Palmer index were
not consistent among drought levels and varied
according to time and location. Moreover, the index
scales of the PDSI/PHDI, SPI, and SWSI were not
consistent with each other. For instance, the value of
–1.5 had different cumulative frequencies for each
index. From the perspective of a decision maker,
choosing drought indicators may be difficult, but that
difficulty will be compounded if indicator scales and
trigger values cannot be validly compared and com-
bined in drought decision making.

8. Linked with drought management goals. Indicators
need to be linked with drought management and
impact reduction goals, and trigger levels should be
set to invoke responses at times and stages that are
consistent with these goals. For instance, triggers can
be set so that a certain percentile will invoke
responses that will produce a desired percentage
reduction in water use. One should also consider
drought indicator performance; for instance, the
degree of responsiveness or persistence desired in an
indicator. Some water managers may prefer an indi-
cator that responds quickly to short-term anomalies,
such as the SPI-3, so they can take early action to
reduce drought impacts, whereas other water man-
agers may prefer an indicator with greater stability
and persistence, such as the SPI-12, to avoid frequent
invoking and revoking of drought responses. Inter-
mediate indicators, such as the SPI-6, can provide
elements of both.

9. Explicit combination methods. Drought plans often
rely on multiple indicators. But a question arises:
How are multiple indicators considered or combined
to determine a final drought level? Multiple triggers
may suggest different drought levels, so methods
need to be specified for combining triggers and deter-
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mining the final level. These can include quantitative
methods and criteria such as: the most severe of the
indicators, at least one of the indicators, or a majority
of indicators. These can also include qualitative
methods, such as convening a drought committee to
determine when to implement responses. Whether
quantitative or qualitative, the methods for calculat-
ing indicators and the process for combining opinions
or weighting individual data for an overall indicator
should be specified.

10. Quantitative and qualitative indicators. Indicators
can be based on quantitative data and qualitative
assessments, or both. Although many drought plans
center on quantitative indicators, the importance of
qualitative expertise should not be overlooked. A
human expert is able to consider and synthesize
numerous indicators, applying years of experience
and expertise to assess drought conditions. Perhaps
even more important is the recognition that indica-
tors and triggers are meant to help decision makers,
not replace them. A drought plan is only one source
of information, and other considerations will likely
be important for decision making.

B. Checklist for Indicators and Triggers in a 
Drought Plan

In addition to the above criteria and considerations, we pro-
vide a checklist below. Note that these pertain only to the
indicators and triggers portion of a drought plan. Many other
drought plan components are important, such as communica-
tion and coordination among agencies responsible for moni-
toring the indicators and implementing the responses if they
are triggered (see Chapter 5). Nonetheless, this list offers a
straightforward set of metrics to check:

1. Indicator specification and consistency
a. Indicator definitions: Is each indicator defined

and specified?
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b. Indicator calculation method: Is a calculation
method provided for each indicator?

c. Spatial scale definition: Is the spatial scale for
monitoring and analyzing the indicator defined
(such as a particular climate division for the SPI-
6)?

d. Spatial sensitivity: Is the indicator sensitive to
spatial variability, such as wetter regions in the
mountains and drier regions in the desert?

e. Temporal scale definition: Is the temporal scale
for monitoring and analyzing the indicator
defined (such as a prior 6-month period for the
SPI-6)?

f. Temporal sensitivity: Is the indicator sensitive to
temporal variability, such as wetter months in the
early spring and drier months in the late summer?

2. Trigger and drought level specification and consis-
tency
a. Definition of drought levels: Are explicit drought

levels defined, such as “level/stage/phase 0, 1, 2,
and 3” or “normal, moderate, severe, extreme”?

b. Definition of triggering thresholds for each indi-
cator: Are quantitative indicator thresholds (i.e.,
triggers) defined for each drought level?

c. Spatial scale of triggers: Do triggers specify the
spatial scale for implementation? Consider the
trigger, “SPI-6 less than –1.5 for two consecutive
months within Climate Division 1 will invoke
Level 2 drought responses for counties X and Y.”
Here, the spatial scale for the trigger would be
Counties X and Y, even though the spatial scale
for the indicator is Climate Division 1.

d. Temporal scale of triggers: Do triggers specify the
temporal scale for implementation? Consider the
trigger, “SPI-6 less than –1.5 for two consecutive
months within Climate Division 1 will invoke
Level 2 drought responses for Counties X and Y.”
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Here, the temporal scale for the trigger would be
two consecutive months, even though the tempo-
ral scale for the indicator is the prior 6 months.

e. Statistical consistency among indicators, triggers
thresholds, and drought levels: Are the triggers
(one or more) statistically consistent with each
other and with drought levels?

f. Explicit triggers for “drought progressing”: Are
indicators and triggers defined for moving from a
less severe drought level to a more severe drought
level?

g. Explicit triggers for “drought receding”: Are indi-
cators and triggers defined for moving from a
more severe drought level to a less severe drought
level?

h. Explicit method to combine indicators: Are objec-
tive or subjective methods for using and combin-
ing multiple indicators and triggers specified?

IV. CONCLUSION

Indicators and triggers are essential to drought preparation
and response, yet they often lack needed attention in drought
plans and planning processes. This chapter examined the
most common indicators and triggers, and provided guidance
for their development and evaluation. What makes a “good”
indicator or trigger depends not only on its scientific merits,
but also on its value to decision makers.
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I. INTRODUCTION

Past attempts to manage drought and its impacts through a
reactive, crisis management approach have been ineffective,
poorly coordinated, and untimely, as illustrated by the hydro-
illogical cycle in Figure 1. The crisis management approach
has been followed in both developed and developing countries.
Because of the ineffectiveness of this approach, greater inter-
est has evolved in recent years in the adoption of a more
proactive risk-based management approach in some countries
(see Chapter 6). Other countries are striving to obtain a
higher level of preparedness through development of national
action programs that are part of the United Nations Conven-
tion to Combat Desertification (UNCCD) or as part of separate
national initiatives. In part, these actions directly result from
the occurrence of recent severe drought episodes that have
persisted for several consecutive years or frequent episodes
that have occurred in succession with short respites for recov-
ery between events. Global warming, with its threat of an
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increased frequency of drought events in the future, has also
caused greater anxiety about the absence of preparation for
drought, which is a normal part of climate. Other factors that
have contributed to this trend toward improved drought pre-
paredness and policy development are spiraling costs or
impacts associated with drought, complexity of impacts on
sectors well beyond agriculture, increasing social and envi-
ronmental effects, and rising water conflicts between users.

Progress on drought preparedness and policy develop-
ment has been slow for a number of reasons. It certainly
relates to the slow-onset characteristics of drought and the
lack of a universal definition. These characteristics (defined
in more detail in Chapter 1) make early warning, impact
assessment, and response difficult for scientists, natural
resource managers, and policy makers. The lack of a universal

Figure 1 Hydro-illogical cycle. (Source: National Drought Mitiga-
tion Center, University of Nebraska, Lincoln, Nebraska, USA.)
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definition often leads to confusion and inaction on the part of
decision makers because scientists may disagree on the exist-
ence of drought conditions and severity. Severity is also diffi-
cult to characterize because it is best evaluated on the basis
of multiple indicators and indices rather than a single vari-
able. The impacts of drought are also largely nonstructural
and spatially extensive, making it difficult to assess the effects
of drought and respond in a timely and effective manner.
Drought and its impacts are not as visual as other natural
hazards, making it difficult for the media to communicate the
significance of the event and its impacts to the public. Public
sentiment to respond is often lacking in comparison to other
natural hazards that result in loss of life and property.

Another constraint to drought preparedness has been the
dearth of methodologies available to planners to guide them
through the planning process. Drought differs in its charac-
teristics between climate regimes, and impacts are locally
defined by unique economic, social, and environmental char-
acteristics. A methodology developed by Wilhite (1991) and
revised to incorporate greater emphasis on risk management
(Wilhite et al., 2000) has provided a set of guidelines or a
checklist of the key elements of a drought plan and a process
through which they can be adapted to any level of government
(i.e., local, state or provincial, or national) or geographical
setting as part of a natural disaster or sustainable develop-
ment plan, an integrated water resources plan, or a stand-
alone drought mitigation plan. We describe this process here,
with the goal of providing a template that government or
organizations can follow to reduce societal vulnerability to
drought.

II. PLANNING FOR DROUGHT: THE PROCESS

Drought is a natural hazard that differs from other hazards
in that it has a slow onset, evolves over months or even years,
affects a large spatial region, and causes little structural
damage. Its onset and end are often difficult to determine, as
is its severity. Like other hazards, the impacts of drought span
economic, environmental, and social sectors and can be
reduced through mitigation and preparedness. Because
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droughts are a normal part of climate variability for virtually
all regions, it is important to develop drought preparedness
plans to deal with these extended periods of water shortage
in a timely, systematic manner as they evolve. To be effective,
these plans must evaluate a region’s exposure and vulnera-
bility to the hazard and incorporate these elements in a way
that evolves with societal changes.

The 10-step drought planning process developed by Wil-
hite (1991) was based largely on interactions with many states
in the United States, incorporating their experiences and les-
sons learned. This planning process has gone through several
iterations in recent years in order to tailor it to specific coun-
tries or subsets of countries (Wilhite et al., 2000). It has also
been the basis for discussions at a series of regional training
workshops and seminars on drought management and pre-
paredness held throughout the world over the past decade.
With the increased interest in drought mitigation planning
in recent years, this planning process has evolved to incorpo-
rate more emphasis on risk assessment and mitigation tools.

The 10-step drought planning process is illustrated in
Figure 2. In brief, Steps 1–4 focus on making sure the right
people are brought together, have a clear understanding of
the process, know what the drought plan must accomplish,
and are supplied with adequate data to make fair and equi-
table decisions when formulating and writing the actual
drought plan. Step 5 describes the process of developing an
organizational structure for completion of the tasks necessary
to prepare the plan. The plan should be viewed as a process,
rather than a discrete event that produces a static document.
A risk assessment is undertaken in conjunction with this step
in order to construct a vulnerability profile for key economic
sectors, population groups, regions, and communities. Steps
6 and 7 detail the need for ongoing research and coordination
between scientists and policy makers. Steps 8 and 9 stress
the importance of promoting and testing the plan before
drought occurs. Finally, Step 10 emphasizes revising the plan
to keep it current and evaluating its effectiveness in the post-
drought period. Although the steps are sequential, many of
these tasks are addressed simultaneously under the leader-
ship of a drought task force and its complement of committees
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and working groups. These steps, and the tasks included in
each, provide a “checklist” that should be considered and may
be completed as part of the planning process.

III. STEP 1: APPOINT A DROUGHT TASK FORCE

A key political leader initiates the drought planning process
through appointment of a drought task force. Depending on
the level of government developing the plan, this could be the
president or prime minister, a provincial or state governor, or
a mayor. The task force has two purposes. First, it supervises
and coordinates development of the plan. Second, after the
plan is developed and during times of drought when the plan
is activated, the task force coordinates actions, implements

Figure 2 Ten-step planning process. (Source: National Drought
Mitigation Center, University of Nebraska, Lincoln, Nebraska,
USA.)
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mitigation and response programs, and makes policy recom-
mendations to the appropriate political leader.

The task force should reflect the multidisciplinary nature
of drought and its impacts, and it should include appropriate
representatives of government agencies (provincial, federal)
and universities where appropriate expertise is available. If
applicable, the governor’s office should have a representative
on the task force. Environmental and public interest groups
and others from the private sector can be included (see Step
3), as appropriate. These groups would be involved to a con-
siderable extent in the activities of the working groups asso-
ciated with the Risk Assessment Committee discussed in Step
5. The actual makeup of this task force would vary consider-
ably, depending on the principal economic and other sectors
affected, the political infrastructure, and other factors. The
task force should include a public information official that is
familiar with local media’s needs and preferences and a public
participation practitioner who can help establish a process
that includes and accommodates both well-funded and disad-
vantaged stakeholder or interest groups. 

IV. STEP 2: STATE THE PURPOSE AND 
OBJECTIVES OF THE DROUGHT PLAN

As its first official action, the drought task force should state
the general purpose for the drought plan. Government offi-
cials should consider many questions as they define the pur-
pose of the plan, such as the

• Purpose and role of government in drought mitigation
and response efforts

• Scope of the plan
• Most drought-prone areas of the state or nation
• Historical impacts of drought
• Historical response to drought
• Most vulnerable economic and social sectors
• Role of the plan in resolving conflict between water

users and other vulnerable groups during periods of
shortage
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• Current trends (e.g., land and water use, population
growth) that may increase or decrease vulnerability
and conflicts in the future

• Resources (human and economic) the government is
willing to commit to the planning process

• Legal and social implications of the plan
• Principal environmental concerns caused by drought

A generic statement of purpose for a plan is to reduce
the impacts of drought by identifying principal activities,
groups, or regions most at risk and developing mitigation
actions and programs that alter these vulnerabilities. The
plan is directed at providing government with an effective
and systematic means of assessing drought conditions, devel-
oping mitigation actions and programs to reduce risk in
advance of drought, and developing response options that
minimize economic stress, environmental losses, and social
hardships during drought.

The task force should then identify the specific objectives
that support the purpose of the plan. Drought plan objectives
will vary within and between countries and should reflect the
unique physical, environmental, socioeconomic, and political
characteristics of the region in question. For a provincial,
state, or regional plan, objectives that should be considered
include the following:

• Collect and analyze drought-related information in a
timely and systematic manner.

• Establish criteria for declaring drought emergencies
and triggering various mitigation and response activ-
ities.

• Provide an organizational structure and delivery sys-
tem that ensures information flow between and within
levels of government.

• Define the duties and responsibilities of all agencies
with respect to drought.

• Maintain a current inventory of government programs
used in assessing and responding to drought emergen-
cies.
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• Identify drought-prone areas of the state or region and
vulnerable economic sectors, individuals, or environ-
ments.

• Identify mitigation actions that can be taken to
address vulnerabilities and reduce drought impacts.

• Provide a mechanism to ensure timely and accurate
assessment of drought’s impacts on agriculture, indus-
try, municipalities, wildlife, tourism and recreation,
health, and other areas.

• Keep the public informed of current conditions and
response actions by providing accurate, timely infor-
mation to media in print and electronic form (e.g., via
TV, radio, and the World Wide Web).

• Establish and pursue a strategy to remove obstacles
to the equitable allocation of water during shortages
and establish requirements or provide incentives to
encourage water conservation.

• Establish a set of procedures to continually evaluate
and exercise the plan and periodically revise the plan
so it will stay responsive to the needs of the area.

V. STEP 3: SEEK STAKEHOLDER 
PARTICIPATION AND RESOLVE CONFLICT

Social, economic, and environmental values often clash as com-
petition for scarce water resources intensifies. Therefore, it is
essential for task force members to identify all citizen groups
(stakeholders) that have a stake in drought planning and
understand their interests. These groups must be involved
early and continuously for fair representation and effective
drought management and planning. Discussing concerns early
in the process gives participants a chance to develop an under-
standing of one another’s various viewpoints and generate col-
laborative solutions. Although the level of involvement of these
groups will vary notably from location to location, the power
of public interest groups in policy making is considerable. In
fact, these groups are likely to impede progress in the devel-
opment of plans if they are not included in the process. The
task force should also protect the interests of stakeholders who
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may lack the financial resources to serve as their own advo-
cates. One way to facilitate public participation is to establish
a citizen’s advisory council as a permanent feature of the
drought plan, to help the task force keep information flowing
and resolve conflicts between stakeholders.

State or provincial governments need to consider if dis-
trict or regional advisory councils should be established.
These councils could bring neighbors together to discuss their
water use issues and problems and seek collaborative solu-
tions. At the provincial level, a representative of each district
council should be included in the membership of the provincial
citizens’ advisory council to represent the interests and values
of their constituencies. The provincial citizens’ advisory coun-
cil can then make recommendations and express concerns to
the task force as well as respond to requests for situation
reports and updates.

VI. STEP 4: INVENTORY RESOURCES AND 
IDENTIFY GROUPS AT RISK

An inventory of natural, biological, and human resources,
including the identification of constraints that may impede
the planning process, may need to be initiated by the task
force. In many cases, various provincial and federal agencies
already possess considerable information about natural and
biological resources. It is important to determine the vulner-
ability of these resources to periods of water shortage that
result from drought. The most obvious natural resource of
importance is water: its location, accessibility, and quality.
Biological resources refer to the quantity and quality of grass-
lands or rangelands, forests, wildlife, and so forth. Human
resources include the labor needed to develop water resources,
lay pipeline, haul water and livestock feed, process citizen
complaints, provide technical assistance, and direct citizens
to available services.

It is also imperative to identify constraints to the plan-
ning process and to the activation of the various elements of
the plan as drought conditions develop. These constraints may
be physical, financial, legal, or political. The costs associated
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with plan development must be weighed against the losses
that will likely result if no plan is in place. The purpose of a
drought plan is to reduce risk and, therefore, economic, social,
and environmental impacts. Legal constraints can include
water rights, existing public trust laws, requirements for pub-
lic water suppliers, liability issues, and so forth.

In drought planning, making the transition from crisis
to risk management is difficult because, historically, little has
been done to understand and address the risks associated
with drought. To solve this problem, areas of high risk should
be identified, as should actions that can be taken to reduce
those risks before a drought occurs. Risk is defined by both
the exposure of a location to the drought hazard and the
vulnerability of that location to periods of drought-induced
water shortages (Blaikie et al., 1994). Drought is a natural
event; it is important to define the exposure (i.e., frequency
of drought of various intensities and durations) of various
parts of the state or region to the drought hazard. Some areas
are likely to be more at risk than others. Vulnerability, on the
other hand, is affected by social factors such as population
growth and migration trends, urbanization, changes in land
use, government policies, water use trends, diversity of eco-
nomic base, cultural composition, and so forth. The drought
task force should address these issues early in the planning
process so they can provide more direction to the committees
and working groups that will be developed under Step 5 of
the planning process.

VII. STEP 5: ESTABLISH AND WRITE DROUGHT 
PLAN

This step describes the process of establishing relevant com-
mittees to develop and write the drought plan. The drought
plan should have three primary components: (1) monitoring,
early warning, and prediction; (2) risk and impact assess-
ment; and (3) mitigation and response. We recommended that
a committee be established to focus on the first two of these
needs; the drought task force can in most instances carry out
the mitigation and response function.
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The suggested organizational structure for the plan is
illustrated in Figure 3. The committees will have their own
tasks and goals, but well-established communication and
information flow between committees and the task force is
necessary to ensure effective planning.

A. Monitoring, Early Warning, and Prediction 
Committee

A reliable assessment of water availability and its outlook for
the near and long term is valuable information in both dry
and wet periods. During drought, the value of this information
increases markedly. The monitoring committee should include
representatives from agencies with responsibilities for moni-
toring climate and water supply. Data and information on
each of the applicable indicators (e.g., precipitation, temper-
ature, evapotranspiration, seasonal climate forecasts, soil

Figure 3 Drought task force organizational structure. (Source:
National Drought Mitigation Center, University of Nebraska, Lin-
coln, Nebraska, USA.)
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moisture, streamflow, groundwater levels, reservoir and lake
levels, and snowpack) ought to be considered in the commit-
tee’s evaluation of the water situation and outlook. The agen-
cies responsible for collecting, analyzing, and disseminating
data and information will vary considerably from country to
country and province to province.

The monitoring committee should meet regularly, espe-
cially in advance of the peak demand season. Following each
meeting, reports should be prepared and disseminated to the
drought task force, relevant government agencies, and the
media. The chairperson of the monitoring committee should
be a permanent member of the drought task force. If condi-
tions warrant, the task force should brief the governor or
appropriate government official about the contents of the
report, including any recommendations for specific actions.
The public must receive a balanced interpretation of changing
conditions. The monitoring committee should work closely
with public information specialists to keep the public well-
informed.

The primary objectives of the monitoring committee are to

1. Adopt a workable definition of drought that could be
used to phase in and phase out levels of local state
or provincial, and federal actions in response to
drought. The group may need to adopt more than one
definition of drought in identifying impacts in various
economic, social, and environmental sectors because
no single definition of drought applies in all cases.
Several indices are available (Hayes, 1998), including
the Standardized Precipitation Index (McKee et al.,
1993, 1995), which is gaining widespread acceptance
(Guttman, 1998; Hayes et al., 1999; also see
http://drought. unl.edu/ whatis/Indices.pdf. 
The trend is to rely on multiple drought indices to
trigger mitigation and response actions, which are
calibrated to various intensities of drought. The cur-
rent thought is that no single index of drought is
adequate to measure the complex interrelationships
between the various components of the hydrological
cycle and impacts.
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It is helpful to establish a sequence of descriptive
terms for water supply alert levels, such as “advisory,”
“alert,” “emergency,” and “rationing” (as opposed to
more generic terms such as “phase 1” and “phase 2,”
or sensational terms such as “disaster”). Review the
terminology used by other entities (i.e., local utilities,
provinces, river basin authorities) and choose terms
that are consistent so as not to confuse the public
with different terms in areas where there may be
authorities with overlapping regional responsibili-
ties. These alert levels should be defined in discus-
sions with both the risk assessment committee and
the task force.
In considering emergency measures such as ration-
ing, remember that the impacts of drought may vary
significantly from one area to the next, depending on
the sources and uses of water and the degree of plan-
ning previously implemented. For example, some cit-
ies may have recently expanded their water supply
capacity while other adjacent communities may have
an inadequate water supply capacity during periods
of drought. Imposing general emergency measures on
people or communities without regard for their exist-
ing vulnerability may result in political repercussions
and loss of credibility.
A related consideration is that some municipal water
systems may be out of date or in poor operating con-
dition, so that even moderate drought strains a com-
munity’s ability to supply customers with water.
Identifying inadequate (i.e., vulnerable) water supply
systems and upgrading those systems should be part
of a long-term drought mitigation program.

2. Establish drought management areas; that is, subdi-
vide the province or region into more conveniently
sized districts by political boundaries, shared hydro-
logical characteristics, climatological characteristics,
or other means such as drought probability or risk.
These subdivisions may be useful in drought man-
agement because they may allow drought stages and
mitigation and response options to be regionalized.
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3. Develop a drought monitoring system. The quality of
meteorological and hydrological networks is highly
variable from country to country and region to region
within countries. Responsibility for collecting, ana-
lyzing, and disseminating data is divided between
many government authorities. The monitoring com-
mittee’s challenge is to coordinate and integrate the
analysis so decision makers and the public receive
early warning of emerging drought conditions.
Considerable experience has developed in recent
years with automated weather data networks that
provide rapid access to climate data. These networks
can be invaluable in monitoring emerging and ongo-
ing drought conditions. Investigate the experiences
of regions with comprehensive automated meteoro-
logical and hydrological networks and apply their
lessons learned, where appropriate.

4. Inventory data quantity and quality from current
observation networks. Many networks monitor key
elements of the hydrologic system. Most of these net-
works are operated by federal or provincial agencies,
but other networks also exist and may provide critical
information for a portion of a province or region.
Meteorological data are important but represent only
one part of a comprehensive monitoring system.
These other physical indicators (soil moisture,
streamflow, reservoir and groundwater levels) must
be monitored to reflect impacts of drought on agri-
culture, households, industry, energy production,
transportation, recreation and tourism, and other
water users.

5. Determine the data needs of primary users. Devel-
oping new or modifying existing data collection sys-
tems is most effective when the people who will be
using the data are consulted early and often. Solicit-
ing input on expected new products or obtaining feed-
back on existing products is critical to ensuring that
products meet the needs of primary users and, there-
fore, will be used in decision making. Training on how
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to use or apply products in routine decision making
is also essential.

6. Develop or modify current data and information
delivery systems. People need to be warned of
drought as soon as it is detected, but often they are
not. Information needs to reach people in time for
them to use it in making decisions. In establishing
information channels, the monitoring committee
needs to consider when people need what kinds of
information. These decision points can determine
whether the information provided is used or ignored.

B. Risk Assessment Committee

Risk is the product of exposure to the drought hazard (i.e.,
probability of occurrence) and societal vulnerability, repre-
sented by a combination of economic, environmental, and social
factors. Therefore, to reduce vulnerability to drought, one must
identify the most significant impacts and assess their under-
lying causes. Drought impacts cut across many sectors and
across normal divisions of government authority. These impacts
have been classified by Wilhite and Vanyarkho (2000) and are
available on the website of the National Drought Mitigation
Center (NDMC) (http://drought.unl.edu).

The membership of the risk assessment committee
should represent economic sectors, social groups, and ecosys-
tems most at risk from drought. The committee’s chairperson
should be a member of the drought task force. Experience has
demonstrated that the most effective approach to follow in
determining vulnerability to and impacts of drought is to
create a series of working groups under the aegis of the risk
assessment committee. The responsibility of the committee
and working groups is to assess sectors, population groups,
communities, and ecosystems most at risk and identify appro-
priate and reasonable mitigation measures to address these
risks. Working groups would be composed of technical special-
ists representing those areas referred to above. The chair of
each working group, as a member of the risk assessment
committee, would report directly to the committee. Following
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this model, the responsibility of the risk assessment commit-
tee is to direct the activities of each of the working groups
and make recommendations to the drought task force on mit-
igation actions.

The number of working groups will vary considerably
between countries or provinces, reflecting the principal impact
sectors. The more complex the economy and society, the larger
the number of working groups is necessary to reflect these
sectors. Working groups may focus on some combination of
the following sectors: agriculture, recreation and tourism,
industry, commerce, drinking water supplies, energy, environ-
ment, wildfire protection, and health.

In drought management, making the transition from cri-
sis to risk management is difficult because little has been
done to understand and address the risks associated with
drought. A methodology has been developed by the NDMC to
help guide drought planners through the risk assessment
process. This methodology focuses on identifying and ranking
the priority of relevant drought impacts; examining the
underlying environmental, economic, and social causes of
these impacts; and then choosing actions that will address
these underlying causes. What makes this methodology dif-
ferent and more helpful than previous methodologies is that
it addresses the causes behind drought impacts. Previously,
responses to drought have been reactions to impacts. Under-
standing why specific impacts occur provides the opportunity
to lessen impacts in the future by addressing these vulnera-
bilities through the identification and adoption of specific
mitigation actions. This methodology is described below,
divided into six specific tasks. Once the risk assessment com-
mittee identifies the working groups, each of these groups
would follow this methodology.

1. Task 1: Assemble the Team

It is essential to bring together the right people and supply
them with adequate data to make fair, efficient, and informed
decisions pertaining to drought risk. Members of this group
should be technically trained in the specific topical areas
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covered by the working groups. When dealing with the issues
of appropriateness, urgency, equity, and cultural awareness
in drought risk analysis, include public input and consider-
ation. Public participation could be warranted at every step,
but time and money may limit involvement to key stages in
the risk analysis and planning process (public review vs. pub-
lic participation). The amount of public involvement is at the
discretion of the drought task force and other members of the
planning team. The advantage of publicly discussing ques-
tions and options is that the procedures used in making any
decision will be better understood, and it will also demon-
strate a commitment to participatory management. At a min-
imum, decisions and reasoning should be openly documented
to build public trust and understanding.

The choice of specific actions to deal with the underlying
causes of the drought impacts will depend on the economic
resources available and related social values. Typical concerns
are associated with cost and technical feasibility, effective-
ness, equity, and cultural perspectives. This process has the
potential to lead to the identification of effective and appro-
priate drought risk reduction activities that will reduce long-
term drought impacts, rather than ad hoc responses or
untested mitigation actions that may not effectively reduce
the impact of future droughts.

2. Task 2: Drought Impact Assessment

Impact assessment examines the consequences of a given
event or change. For example, drought is typically associated
with a number of outcomes. Drought impact assessments
begin by identifying direct consequences of the drought, such
as reduced crop yields, livestock losses, and reservoir deple-
tion. These direct outcomes can then be traced to secondary
consequences (often social effects), such as the forced sale of
household assets or land, dislocation, or physical and emo-
tional stress. This initial assessment identifies drought
impacts but does not identify the underlying reasons for these
impacts.
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Drought impacts can be classified as economic, environ-
mental, or social, although many impacts may span more than
one sector. Table1 provides a detailed checklist of impacts that
could affect a region or location. Recent drought impacts,
especially if they are associated with severe to extreme
drought, should be weighted more heavily than the impacts
of historical drought, in most cases. Recent events more accu-
rately reflect current vulnerabilities, the purpose of this exer-
cise. Attention should also be given to specific impacts that
are expected to emerge in the future.

To perform an assessment using the checklist in Table
1, check the box in front of each category that has been
affected by drought in your study area. Classify the types of
impacts according to the severity of drought, noting that in
the future, droughts of lesser magnitude may produce more
serious impacts if vulnerability is increasing. Hopefully, inter-
ventions taken now will reduce these vulnerabilities in the
future. Define the “drought of record” for each region.
Droughts differ from one another according to intensity, dura-
tion, and spatial extent. Thus, there may be several droughts
of record, depending on the criteria emphasized (i.e., most
severe drought of a season or year vs. most severe multi-year
drought). These analyses would yield a range of impacts
related to the severity of drought. In addition, highlighting
past, current, and potential impacts may reveal trends that
will also be useful for planning purposes. These impacts high-
light sectors, populations, or activities that are vulnerable to
drought and, when evaluated with the probability of drought
occurrence, identify varying levels of drought risk.

3. Task 3: Ranking Impacts

After each working group has completed the checklist in Table
1, the unchecked impacts should be omitted. This new list
will contain the relevant drought impacts for your location or
activity. From this list, prioritize impacts according to what
work group members consider to be the most important. To
be effective and equitable, the ranking should consider con-
cerns such as cost, areal extent, trends over time, public
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TABLE 1 Checklist of Historical, Current, and Potential Drought 
Impacts

To perform an assessment using this checklist, check the box in front of 
each category that has been affected by drought in your study area. Your 
selections can be based on common or extreme droughts, or a combination 
of the two. For example, if your drought planning was going to be based 
on the “drought of record,” you would need to complete a historical review 
to identify the drought of record for your area and assess the impacts of 
that drought. You would then record the impacts on this checklist by 
marking the appropriate boxes under the “historical” column. Next, with 
the knowledge you have about your local area, if another drought of 
record were to occur tomorrow, consider what the local impacts may be 
and record them on the checklist under the “current” column. Finally, 
consider possible impacts of the same drought for your area in 5 or 10 
years and record these in the “potential” column.

If enough time, money, and personnel are available, it may be beneficial 
to conduct impact studies based on common droughts, extreme droughts, 
and the drought of record for your region. These analyses would yield a 
range of impacts related to the severity of the drought, which is necessary 
for conducting Step 3 of the guide and could be useful for planning 
purposes.

H = historical drought
C = current drought
P = potential drought

H C P Economic Impacts

Loss from crop production
� � � Annual and perennial crop losses
� � � Damage to crop quality
� � � Reduced productivity of cropland (wind erosion, etc.)
� � � Insect infestation
� � � Plant disease
� � � Wildlife damage to crops

Loss from dairy and livestock production
� � � Reduced productivity of rangeland
� � � Forced reduction of foundation stock
� � � Closure/limitation of public lands to grazing
� � � High cost/unavailability of water for livestock
� � � High cost/unavailability of feed for livestock
� � � High livestock mortality rates
� � � Disruption of reproduction cycles (breeding delays or 

unfilled pregnancies)
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TABLE 1 Checklist of Historical, Current, and Potential Drought 
Impacts (continued)

� � � Decreased stock weights
� � � Increased predation
� � � Range fires

Loss from timber production
� � � Wildland fires
� � � Tree disease
� � � Impaired productivity of forest land

Loss from fishery production
� � � Damage to fish habitat
� � � Loss of young fish due to decreased flows
� � � Income loss for farmers and others directly affected
� � � Loss of farmers through bankruptcy
� � � Unemployment from drought-related production 

declines
� � � Loss to recreational and tourism industry
� � � Loss to manufacturers and sellers of recreational 

equipment
� � � Increased energy demand and reduced supply because 

of drought-related power curtailments
� � � Costs to energy industry and consumers associated with 

substituting more expensive fuels (oil) for hydroelectric 
power

� � � Loss to industries directly dependent on agricultural 
production (e.g., machinery and fertilizer 
manufacturers, food processors, etc.)
Decline in food production/disrupted food supply

� � � Increase in food prices
� � � Increased importation of food (higher costs)
� � � Disruption of water supplies

Revenue to water supply firms
� � � Revenue shortfalls
� � � Windfall profits
� � � Strain on financial institutions (foreclosures, greater 

credit risks, capital shortfalls, etc.)
� � � Revenue losses to federal, state, and local governments 

(from reduced tax base)
� � � Loss from impaired navigability of streams, rivers, and 

canals
� � � Cost of water transport or transfer
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TABLE 1 Checklist of Historical, Current, and Potential Drought 
Impacts (continued)

� � � Cost of new or supplemental water resource 
development

� � � Cost of increased groundwater depletion (mining), land 
subsidence

� � � Reduction of economic development
� � � Decreased land prices

Damage to animal species
� � � Reduction and degradation of fish and wildlife 

habitat
� � � Lack of feed and drinking water
� � � Disease
� � � Increased vulnerability to predation (from species 

concentration near water)
� � � Migration and concentration (loss of wildlife in 

some areas and too many in others)
� � � Increased stress to endangered species

H C P Environmental Impacts

� � � Damage to plant species
� � � Increased number and severity of fires
� � � Loss of wetlands
� � � Estuarine impacts (e.g., changes in salinity levels)
� � � Increased groundwater depletion, land subsidence
� � � Loss of biodiversity
� � � Wind and water erosion of soils
� � � Reservoir and lake levels
� � � Reduced flow from springs
� � � Water quality effects (e.g., salt concentration, increased 

water temperature, pH, dissolved oxygen, turbidity)
� � � Air quality effects (e.g., dust, pollutants)
� � � Visual and landscape quality (e.g., dust, vegetative 

cover, etc.)

H C P Social Impacts

� � � Mental and physical stress (e.g., anxiety, depression, loss 
of security, domestic violence)

� � � Health-related low-flow problems (e.g., cross-connection 
contamination, diminished sewage flows, increased 
pollutant concentrations, reduced firefighting capability, 
etc.)
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TABLE 1 Checklist of Historical, Current, and Potential Drought 
Impacts (continued)

� � � Reductions in nutrition (e.g., high-cost-food limitations, 
stress-related dietary deficiencies)

� � � Loss of human life (e.g., from heat stress, suicides)
� � � Public safety from forest and range fires
� � � Increased respiratory ailments
� � � Increased disease caused by wildlife concentrations

Increased conflicts
� � � Water user conflicts
� � � Political conflicts
� � � Management conflicts
� � � Other social conflicts (e.g., scientific, media based)
� � � Disruption of cultural belief systems (e.g., religious and 

scientific views of natural hazards)
� � � Reevaluation of social values (e.g., priorities, needs, 

rights)
� � � Reduction or modification of recreational activities
� � � Public dissatisfaction with government regarding 

drought response
� � � Inequity in the distribution of drought relief

Inequity in drought impacts based on:
� � � Socioeconomic group
� � � Ethnicity
� � � Age
� � � Gender
� � � Seniority
� � � Loss of cultural sites
� � � Loss of aesthetic values
� � � Recognition of institutional restraints on water use

Reduced quality of life, changes in lifestyle
� � � In rural areas
� � � In specific urban areas
� � � Increased poverty in general
� � � Increased data/information needs, coordination of 

dissemination activities
� � � Population migrations (e.g., rural to urban areas, 

migrants into the United States)



116 Wilhite et al.

opinion, fairness, and the ability of the affected area to
recover. Be aware that social and environmental impacts are
often difficult, if not impossible, to quantify. Each work group
should complete a preliminary ranking of impacts. The
drought task force and other work groups can participate in
a plenary discussion of these rankings following the initial
ranking iterations. We recommend constructing a matrix (see
an example in Table 2) to help prioritize impacts. From this
list of prioritized impacts, each working group should decide
which impacts should be addressed and which can be
deferred.

4. Task 4: Vulnerability Assessment

Vulnerability assessment provides a framework for identi-
fying the social, economic, and environmental causes of
drought impacts. It bridges the gap between impact assess-
ment and policy formulation by directing policy attention to
underlying causes of vulnerability rather than the result,
the negative impacts, which follow triggering events such as
drought (Ribot et al., 1996). For example, the direct impact
of precipitation deficiencies may be a reduction of crop yields.
The underlying cause of this vulnerability, however, may be
that the farmers did not use drought-resistant seeds,
because they did not believe in their usefulness, the costs
were too high, or there was some commitment to cultural
beliefs. Another example could be farm foreclosure. The
underlying causes of this vulnerability might include small

TABLE 2 Drought Impact Decision Matrix

Impact Cost
Equally 

Distributed? Growing?
Public 

Priority?
Equitable 
Recovery?

Impact 
Rank
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farm size because of historical land appropriation policies,
lack of credit for diversification options, farming on marginal
lands, limited knowledge of possible farming options, a lack
of local industry for off-farm supplemental income, or gov-
ernment policies. Therefore, for each of the identified
impacts from Table 1, begin asking why these impacts have
occurred or might occur. It is important to realize that a
combination of factors might produce a given impact. It
might be beneficial to display these causal relationships in
some form of a tree diagram (see examples in Figures 4 and
5). Figure 4 demonstrates a typical agricultural example and
Figure 5 a potential urban scenario. Depending on the level
of analysis, this process can quickly become somewhat com-
plicated, which is why working groups must be composed of

Figure 4 An example of a simplified agricultural impact tree dia-
gram. (Notice the boldface items represent the basal causes of the
listed impact. Although these items may be broken down further,
this example illustrates the vulnerability assessment process.)
(Source: National Drought Mitigation Center, University of
Nebraska, Lincoln, Nebraska, USA.)

Income Loss Due to Crop Failure
Why did you have income losses from crop failure?

Lack
of water
WHY?

Climate

Other
seeds are
expensive

Farmer
preference 

Government
incentives

No drought
warning

Lack of research and
relief program coordination

No
Irrigation

Poor crop
selection
WHY?

Too slow
WHY?

Lack of crop insurance
Why the lack of
crop insurance?

Crop failure
Why the crop failure?

Inadequacy of relief
assistance

Why inadequacy
of relief assistance?

High Cost Inefficient
“blanket

coverage”
WHY?

Conflicting
relief programs

WHY? 
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the appropriate mix of people. Table 3 lists many factors
that typically make an area vulnerable to drought; these
should be considered when forming tree diagrams.

The tree diagrams illustrate the complexity of understand-
ing drought impacts. The two examples provided are not meant
to be comprehensive or represent an actual location. Basically,
their main purpose is to demonstrate that impacts must be
examined from several perspectives to expose their true under-
lying causes. For this assessment, the lowest causes on the tree
diagrams, the items in boldface, will be referred to as basal
causes. These basal causes are the items that have the potential
to be acted on to reduce the associated impact. Of course, some
of these impact causes should not or cannot be acted on for a
wide variety of reasons (discussed in Step 5).

5. Task 5: Action Identification

Mitigation is defined as actions taken in advance of or in the
early stages of drought that reduce the impacts of the event.

Figure 5 An example of a simplified urban impact tree diagram.
(Notice the boldface items represent the basal causes of the listed
impact [in this case, the loss of tourism revenue]. Although these
items may be broken down further, this example illustrates the
vulnerability assessment process.) (Source: National Drought Mit-
igation Center, University of Nebraska, Lincoln, Nebraska, USA.)

Loss of Tourism Revenue
Why was there lost revenue?

Reduction of golf
course revenue

Why did they lose revenue?

Poor course conditions
WHY?

Fewer daily
golfers
WHY?

Cancellation of
tournaments

WHY?

Reduction of reservoir-based tourism
Why the reduction in reservoir revenue?

Low attendance
WHY?

Reduced
water quality

Reduced
precipitation

Non-essential
use restriction

High water use
course design

Lack of water
WHY?

Too much
release

Too much
demand

Low reservoir
levels
WHY?

Loss of
aesthetic value
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Once the group has set drought impact priorities and exposed
the corresponding underlying causes of vulnerability, it can
identify actions appropriate for reducing drought risk. The
matrix lists the impact as well as the described basal causes
of the impact. From this point, the working group should
investigate what actions could be taken to address each of
these basal causes. The following sequence of questions may
be helpful in identifying potential actions:

• Can the basal cause be mitigated (can it be modified
before a drought)? If yes, then how?

• Can the basal cause be responded to (can it be modified
during or after a drought)? If so, then how?

• Is there some basal cause, or aspect of the basal cause,
that cannot be modified and must be accepted as a
drought-related risk for this activity or area?

A list of potential actions to mitigate drought is available
at http://drought.unl.edu/plan/handbook/risk.pdf. As will
be discussed in the next section (Task 6), not all ideas are
appropriate in all cases. Many of the ideas are more in the
realm of short-term emergency response, or crisis manage-
ment, rather than long-term mitigation, or risk management.
Emergency response is an important component of drought
planning, but it should be only one part of a more compre-
hensive mitigation strategy.

6. Task 6: Developing the “To Do” List

After the group identifies the impacts, causes, and relevant
potential actions, the next step is to determine the sequence
of actions to take as part of the risk reduction planning exer-
cise. This selection should be based on such concerns as fea-
sibility, effectiveness, cost, and equity. Additionally, it will be
important to review the impact tree diagrams when consid-
ering which groups of actions need to be considered together.
For example, if you wanted to reduce crop losses by promoting
the use of a different type of seed, it probably would not be
effective to educate farmers on the benefits of the new variety
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if it is too expensive or there are government incentives for
planting other crops.

In choosing the appropriate actions, you may want to ask
some of the following questions:

• What are the cost/benefit ratios for the actions identi-
fied?

• Which actions do the general public consider feasible
and appropriate?

• Which actions are sensitive to the local environment
(i.e., sustainable practices)?

• Do the actions address the right combination of causes
to adequately reduce the relevant impact?

• Do the actions address short- and long-term solutions?
• Which actions would fairly represent the needs of

affected individuals and groups?

This process has the potential to lead to the identification of
effective and appropriate drought risk reduction activities
that may reduce future drought impacts.

7. Completion of Risk Analysis

Following Task 6, the risk analysis is finished. Remember,
this is a planning process, so it will be necessary to periodi-
cally reevaluate drought risk and the various mitigation
actions identified. Step 10 in the planning process is associ-
ated with evaluating, testing, and revising the drought plan.
After a severe drought episode would be an appropriate time
to revisit mitigation actions in association with an analysis
of lessons learned.

C. Mitigation and Response Committee

Mitigation and response actions may be the responsibility of
the drought task force or be assigned to a separate committee.
It is recommended that the task force, working in cooperation
with the monitoring and risk assessment committees, has the
knowledge and experience to understand drought mitigation
techniques, risk analysis (economic, environmental, and social
aspects), and drought-related decision-making processes at
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all levels of government. The task force, as originally defined,
is composed of senior policy makers from various government
agencies and, possibly, key stakeholder groups. Therefore, it
is in an excellent position to recommend or implement miti-
gation actions, request assistance through various federal
programs, or make policy recommendations to a legislative
body or political leader.

Mitigation and response actions should be determined
for each of the principal impact sectors identified by the risk
assessment committee. Wilhite (1997) assessed drought mit-
igation technologies implemented by U.S. states in response
to drought conditions during the late 1980s and early 1990s.
The transferability of these technologies to specific settings
or locations needs to be evaluated further. These drought
technologies are available on the NDMC’s website
(http://drought.unl.edu/mitigate/mitigate.htm).

The State of Georgia recently developed a drought man-
agement plan and identified a broad range of pre-drought
mitigation strategies that could be used to lessen the state’s
vulnerability to future drought events. These strategies are
divided by sector into municipal and industrial, agriculture,
and water quality. Selected examples of these actions are
provided in Table 4. These examples illustrate the types of
actions identified by states that have recently completed the
drought mitigation planning process.

Tribal governments in the United States, many of which
are located in extremely drought-prone areas, are also pursu-
ing development of drought mitigation plans. For example, the
Hopi Nation followed the 10-step guidelines and the NDMC’s
risk assessment methodology (Knutson et al., 1998) in its plan
development process. The plan is pending approval through
the U.S. Bureau of Reclamation, which provided funding for
its development. The vulnerability analysis revealed four sec-
tors of concern: range and livestock, agriculture, village water
supplies, and environmental health. A unique feature of the
Hopi drought plan is the inclusion of current and proposed
monitoring systems to evaluate climatic conditions, soil, veg-
etation, and water resources for farming, ranching, and domes-
tic purposes. The drought plan describes establishing a
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network of approximately 60 transects to provide a detailed
analysis of range conditions. The transects will be selected to
represent major climates, soils, water resources, and land uses
present on the Hopi reservation and will help identify trends
in vegetation health. These monitoring networks will not only
help monitor and quantify the drought impacts, but also be
used to assess the effectiveness of any mitigation actions that
are implemented.

As was the case with the Georgia plan cited above, the
Hopi drought plan developed a list of short- and long-term
drought mitigation and response actions for each impact area.
For example, to mitigate range and livestock losses, the plan
suggests that range management plans be completed for each
range unit. To facilitate rotations and proper use of range-
lands, the Hopi range management plan also includes fencing
and water development projects for the unit range manage-
ment plans. Water availability in these units will be improved
through a combination of rehabilitating surface water
impoundments, additional wells at key locations, improved
water distribution from the supply point to multiple stock
watering troughs, and other conjunctive uses. The Hopi plan-
ners hope these mitigation actions will decrease the vulner-
ability of the range and livestock economic sector.

In addition to identifying mitigation actions that will
reduce the tribe’s drought risk, the Hopi drought plan is
unique in that it identifies the responsible agencies, provides
a timeline to complete the actions, and proposes a cost esti-
mate for these actions. For example, a cost of $12 million is
estimated to upgrade the water supply systems of 12 tribal
villages by improving pumping capacity, storage tank size,
and pipe capacity. The tribe plans to seek funding for these
actions through a variety of agencies and sources while
enhancing water conservation at the same time.

Before the onset of drought, the task force should inven-
tory all forms of assistance available from governmental and
nongovernmental authorities during severe drought. The task
force should evaluate these programs for their ability to
address short-term emergency situations and long-term miti-
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gation programs for their ability to reduce risk to drought.
Assistance should be defined in a very broad way to include all
forms of technical, mitigation, and relief programs available.

D. Writing the Plan

With input from each of the committees and working groups,
the drought task force, with the assistance of professional
writing specialists, will draft the drought plan. After comple-
tion of a working draft, we recommend holding public meet-
ings or hearings at several locations to explain the purpose,
scope, and operational characteristics of the plan. You must
also discuss the specific mitigation actions and response mea-
sures recommended in the plan. A public information special-
ist for the drought task force can facilitate planning for the
hearings and prepare news stories to announce the meetings
and provide an overview of the plan.

As mentioned previously, the plan should not be consid-
ered a static document. The plan is dynamic. A copy of the
plan should be available through the drought task force web-
site and in hard copy form for distribution.

VIII. STEP 6: IDENTIFY RESEARCH NEEDS AND 
FILL INSTITUTIONAL GAPS

As research needs and gaps in institutional responsibility
become apparent during drought planning, the drought task
force should compile a list of those deficiencies and make rec-
ommendations to the appropriate person or government body
on how to remedy them. You must perform Step 6 concurrently
with Steps 4 and 5. For example, the monitoring committee
may recommend establishing an automated weather station
network or initiating research on the development of a climate
or water supply index to help monitor water supplies and trig-
ger specific actions by state government.
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IX. STEP 7: INTEGRATE SCIENCE AND POLICY

An essential aspect of the planning process is integrating the
science and policy of drought management. The policy maker’s
understanding of the scientific issues and technical con-
straints involved in addressing problems associated with
drought is often limited. Likewise, scientists generally have
a poor understanding of existing policy constraints for
responding to the impacts of drought. In many cases, commu-
nication and understanding between the science and policy
communities must be enhanced if the planning process is to
be successful.

Good communication is required between the two groups
in order to distinguish what is feasible from what is not
achievable for a broad range of science and policy issues.
Integration of science and policy during the planning process
will also be useful in setting research priorities and synthe-
sizing current understanding. The drought task force should
consider various alternatives to bring these groups together
and maintain a strong working relationship.

X. STEP 8: PUBLICIZE THE DROUGHT 
PLAN—BUILD PUBLIC AWARENESS AND 
CONSENSUS

If you have communicated well with the public throughout
the process of establishing a drought plan, there may already
be better-than-normal awareness of drought and drought
planning by the time you actually write the plan. Themes to
emphasize in writing news stories during and after the
drought planning process could include:

• How the drought plan is expected to relieve drought
impacts in both the short and long term. Stories can
focus on the human dimensions of drought, such as
how it affects a farm family; on its environmental
consequences, such as reduced wildlife habitat; and on
its economic effects, such as the costs to a particular
industry or to the state or region’s overall economy.
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• What changes people might be asked to make in
response to different degrees of drought, such as
restricted lawn watering and car washing or not irri-
gating certain crops at certain times.

In subsequent years, you may want to do “drought plan
refresher” news releases at the beginning of the most drought-
sensitive season, letting people know whether there is pres-
sure on water supplies or reason to believe shortfalls will
occur later in the season, and reminding them of the plan’s
existence, history, and any associated success stories. It may
be useful to refresh people’s memories about circumstances
that would lead to water use restrictions.

During drought, the task force should work with public
information professionals to keep the public well informed of
the status of water supplies, whether conditions are approach-
ing “trigger points” that will lead to requests for voluntary or
mandatory use restrictions, and how victims of drought can
access assistance. Post all pertinent information on the
drought task force’s website so that the public can get infor-
mation directly from the task force without having to rely on
mass media.

XI. STEP 9: DEVELOP EDUCATION PROGRAMS

A broad-based education program to raise awareness of short-
and long-term water supply issues will help ensure that people
know how to respond to drought when it occurs and that
drought planning does not lose ground during non-drought
years. Try to tailor information to the needs of specific groups
(e.g., elementary and secondary education, small business,
industry, homeowners, utilities). The drought task force or par-
ticipating agencies should consider developing presentations
and educational materials for events such as a water awareness
week, community observations of Earth Day, relevant trade
shows, specialized workshops, and other gatherings that focus
on natural resource stewardship or management.
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XII. STEP 10: EVALUATE AND REVISE 
DROUGHT PLAN

The final step in the planning process is to create a detailed
set of procedures to ensure adequate plan evaluation. Periodic
testing, evaluation, and updating of the drought plan are
essential to keep the plan responsive to local, state, provincial,
or national needs. To maximize the effectiveness of the sys-
tem, you must include two modes of evaluation: ongoing and
post-drought.

A. Ongoing Evaluation

An ongoing or operational evaluation keeps track of how soci-
etal changes such as new technology, new research, new laws,
and changes in political leadership may affect drought risk
and the operational aspects of the drought plan. Drought risk
may be evaluated quite frequently whereas the overall
drought plan may be evaluated less often. We recommend an
evaluation under simulated drought conditions (i.e., drought
exercise) before the drought plan is implemented and period-
ically thereafter. Remember that drought planning is a pro-
cess, not a discrete event.

B. Post-Drought Evaluation

A post-drought evaluation or audit documents and analyzes
the assessment and response actions of government, nongov-
ernmental organizations, and others and provides a mecha-
nism to implement recommendations for improving the
system. Without post-drought evaluations, it is difficult to
learn from past successes and mistakes, as institutional mem-
ory fades.

Post-drought evaluations should include an analysis of
the climatic and environmental aspects of the drought; its
economic and social consequences; the extent to which pre-
drought planning was useful in mitigating impacts, in facili-
tating relief or assistance to stricken areas, and in post-recov-
ery; and any other weaknesses or problems caused by or not
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covered by the plan. Attention must also be directed to situ-
ations in which drought-coping mechanisms worked and
where societies exhibited resilience; evaluations should not
focus only on those situations in which coping mechanisms
failed. Evaluations of previous responses to severe drought
are also a good planning aid.

To ensure an unbiased appraisal, governments may wish
to place the responsibility for evaluating drought and societal
response to it in the hands of nongovernmental organizations
such as universities or specialized research institutes.

XIII. SUMMARY AND CONCLUSION

For the most part, previous responses to drought in all parts
of the world have been reactive, representing the crisis man-
agement approach. This approach has been ineffective (i.e.,
assistance poorly targeted to specific impacts or population
groups), poorly coordinated, and untimely; more important,
it has done little to reduce the risks associated with drought.
In fact, the economic, social, and environmental impacts of
drought have increased significantly in recent decades. A sim-
ilar trend exists for all natural hazards.

This chapter presents a planning process that has been
used at all levels of government to guide the development of
a drought mitigation plan. The goal of this planning process
is to significantly change the way we prepare for and respond
to drought by placing greater emphasis on risk management
and the adoption of appropriate mitigation actions. The 10
steps included in this process are generic so that governments
can choose the steps and components that are most applicable
to their situation. The risk assessment methodology is
designed to guide governments through the process of evalu-
ating and prioritizing impacts and identifying mitigation
actions and tools that can be used to reduce these impacts for
future drought episodes. Drought planning must be viewed
as an ongoing process, continuously evaluating our changing
vulnerabilities and how governments and stakeholders can
work in partnership to lessen risk.
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I. INTRODUCTION

Drought is a frequent visitor to Australia, South Africa, and
the United States. Each country has struggled to effectively
manage drought events, and lessons learned from these
attempts have taught these countries that the reactive, crisis
management approach is largely ineffective, promoting
greater reliance on government and increasing societal vul-
nerability to subsequent drought episodes. Repeated occur-
rences of drought in recent decades have placed each nation
on a course to develop a national drought policy that promotes
improved self-reliance by placing greater emphasis on moni-
toring and early warning, improving decision support and
preparedness planning, and enhancing risk management.
Although each nation has differed in its approach, the goal is
the same—to reduce societal vulnerability to drought through
improved self-reliance while minimizing the need for govern-
ment intervention.

This chapter describes the process each country has gone
through to reach its current level of preparedness and the
status of current drought policies. A case study of each country
will provide insight into the complexities of the policy devel-
opment process, the obvious and not-so-obvious pitfalls, and
future prospects. The ultimate objective of this chapter is to
help other nations achieve a higher level of preparedness and
improved drought policy through the transferability of some
of the principal lessons learned.

II. DROUGHT POLICY AND PREPAREDNESS: 
DEFINING A NEW PARADIGM

The implementation of a drought policy can alter a nation’s
approach to drought management. In the past decade or so,
drought policy and preparedness has received increasing
attention from governments, international and regional orga-
nizations, and nongovernmental organizations. Simply stated,
a national drought policy should establish a clear set of prin-
ciples or operating guidelines to govern the management of
drought and its impacts. The policy should be consistent and
equitable for all regions, population groups, and economic
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sectors and consistent with the goals of sustainable develop-
ment. The overriding principle of drought policy should be an
emphasis on risk management through the application of
preparedness and mitigation measures. This policy should be
directed toward reducing risk by developing better awareness
and understanding of the drought hazard and the underlying
causes of societal vulnerability. The principles of risk man-
agement can be promoted by encouraging the improvement
and application of seasonal and shorter term forecasts, devel-
oping integrated monitoring and drought early warning sys-
tems and associated information delivery systems, developing
preparedness plans at various levels of government, adopting
mitigation actions and programs, creating a safety net of
emergency response programs that ensure timely and tar-
geted relief, and providing an organizational structure that
enhances coordination within and between levels of govern-
ment and with stakeholders.

As vulnerability to drought has increased globally,
greater attention has been directed to reducing risks associ-
ated with its occurrence through the introduction of planning
to improve operational capabilities (i.e., climate and water
supply monitoring, building institutional capacity) and miti-
gation measures aimed at reducing drought impacts. This
change in emphasis is long overdue. Mitigating the effects of
drought requires the use of all components of the cycle of
disaster management (Figure 1), rather than only the crisis
management portion of this cycle. Typically, when a natural
hazard event and resultant disaster occurs, governments and
donors follow with impact assessment, response, recovery, and
reconstruction activities to return the region or locality to a
pre-disaster state. Historically, little attention has been given
to preparedness, mitigation, and prediction or early warning
actions (i.e., risk management) that could reduce future
impacts and lessen the need for government intervention in
the future. Because of this emphasis on crisis management,
society has generally moved from one disaster to another with
little, if any, reduction in risk. In drought-prone regions,
another drought often occurs before the region fully recovers
from the last drought.
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Four key components comprise an effective drought risk
reduction strategy: (1) the availability of timely and reliable
information on which to base decisions; (2) policies and insti-
tutional arrangements that encourage assessment, commu-
nication, and application of that information; (3) a suite of
appropriate risk management measures for decision makers;
and (4) effective and consistent actions by decision makers
(O’Meagher et al., 2000). It is critical for governments with
drought policy and preparedness experience to share it with
other nations that are eager to improve their level of pre-
paredness.

III. NATIONAL DROUGHT POLICY: LESSONS 
FROM AUSTRALIA

Australia is the driest inhabited continent on earth, and it
experiences one of the most variable climates. Unlike other

Figure 1 Cycle of disaster management. (Source: National
Drought Mitigation Center, University of Nebraska, Lincoln,
Nebraska, USA.)
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continents, its patterns are determined by nonannual cycles
(Flannery, 1994), posing challenges for agricultural practices
developed in the relatively more reliable climate of Europe.
An early report on the prospects for agriculture in the colony
of New South Wales noted the “uncertain climate” and sug-
gested that the future of the colony “will be that of pasture
rather than tillage, and the purchase of land will be made
with a view to the maintenance of large flocks of fine-woolled
sheep; the richer lands, which will generally be found on the
banks of the rivers, being devoted to the production of corn,
maize and vegetables” (Bigge, 1966, p. 92).

In spite of these early concerns, a successful agricultural
industry developed in Australia, becoming the backbone of
national prosperity until about the mid-20th century and
remaining an important contributor to the country’s export
earnings. Under Australia’s Constitution, agriculture is
essentially a state responsibility, with the commonwealth gov-
ernment becoming involved through its fiscal power and by
negotiation with the states. This negotiation takes place
through the Council of Ministers, first established in 1934 as
the Australian Agriculture Council and currently known as
the Primary Industries Ministerial Council. The council is
supported by a standing committee of senior officials drawn
from the commonwealth and state departments responsible
for agriculture. The Ministerial Council was the mechanism
through which Australia’s National Drought Policy was devel-
oped and also the forum within which its disputed elements
have been fought out.

A. Pre-Drought Policy Period in Australia

Until 1989, drought was considered to be a natural disaster
and drought relief was provided in accordance with state
disaster relief policy. From the late 1930s, the commonwealth
government became progressively more involved in natural
disaster relief through a series of ad hoc arrangements with
the states and special purpose legislation such as that passed
in the mid-1960s to provide drought relief to New South Wales
and Queensland.
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In 1971, disaster relief arrangements were revised by the
commonwealth government and a formula established under
which the commonwealth shared the cost of natural disaster
relief with the States. This arrangement has continued with
a number of minor administrative amendments. In 1989, the
commonwealth government decided that drought would no
longer be covered by these natural disaster relief arrange-
ments. The main impetus for this decision was budgetary;
drought was accounting for the largest proportion of disaster
relief expenditure, and there was suspicion that the Queen-
sland state government was manipulating the scheme for
electoral advantage. The commonwealth Minister for Finance
claimed that the Queensland government was using the
scheme as “as a sort of National Party slush fund” (Walsh,
1989).

In 1989 the commonwealth government set up the
Drought Policy Review Task Force to identify policy options
to encourage primary producers and other segments of rural
Australia to adopt self-reliant approaches to the management
of drought, consider the integration of drought policy with
other relevant policy issues, and advise on priorities for com-
monwealth government action in minimizing the effects of
drought in the rural sector (Drought Policy Review Task Force,
1990). The task force reported in 1990 and recommended
against reinstating drought in the natural disaster relief
arrangements. They concluded that drought was a natural
part of the Australian farmer’s operating environment and
should be managed like any other business risk. The report
recommended the establishment of a national drought policy
based on principles of self-reliance and risk management,
with any assistance to be provided in an adjustment context,
to be based on a loans-only policy and to permit the income
support needs of rural households to be addressed in more
extreme situations (Drought Policy Review Task Force, 1990).

B. The National Drought Policy

Commonwealth and state ministers, through the Ministerial
Council, announced a new National Drought Policy in July
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1992. As recommended by the Drought Policy Review Task
Force, the policy was based on principles of sustainable devel-
opment, risk management, productivity growth, and struc-
tural adjustment in the farm sector. Support for productivity
improvement and improved risk management was to be pro-
vided through the commonwealth government’s main struc-
tural adjustment program for agriculture, the Rural
Adjustment Scheme, which was being reviewed concurrently
with development of the National Drought Policy.

The revised Rural Adjustment Scheme incorporated the
new concept of “exceptional circumstances” under which sup-
port would be made available for farm businesses faced with
a downturn for which the best manager could not be expected
to prepare. Eligible events were not limited to drought. The
exceptional circumstances provisions became the basis for the
delivery of support during the droughts of the mid-1990s and
2002–03. Support, in the form of interest rate subsidies on
commercial finance, was available only to farmers with long-
term viable futures in agriculture. The rationale for this
approach was that drought relief should not act as a de facto
subsidy to otherwise nonviable businesses. In addition to
exceptional circumstances support through the Rural Adjust-
ment Scheme, schemes were set up to enable farmers to build
financial reserves as part of their risk management, and gov-
ernments made a commitment to invest in research and devel-
opment, including climate research, and in education and
training. The state governments agreed to phase out trans-
action-based subsidies such as fodder subsidies, and support
was made available to help nonviable farmers leave the land.
Farmers who decided to exit farming were supported with
reestablishment grants and a loans-based income support
scheme.

The timing of the National Drought Policy, which took
effect in January 1993, could not have been more unfortunate.
Parts of Queensland and New South Wales, which had been
experiencing dry spells since about 1991, were settling into
what was to become one of the worst droughts of the 20th
century. In addition, farmers had been coping with historically
high interest rates and low commodity prices. These factors
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combined to make the notion of preparing for drought partic-
ularly problematic. The exceptional circumstances provisions
of the Rural Adjustment Scheme were triggered immediately
after the scheme commenced (although ironically their first
use was in response to excessive rain in parts of South Aus-
tralia and Victoria), and these provisions quickly came to
dominate the new scheme.

By mid-1994 the drought situation was being described
as the “worst on record” (Wahlquist and Kidman, 1994) and
several media organizations launched a public appeal to raise
funds for drought-affected farmers. In September 1994, Prime
Minister Paul Keating visited one of the worst affected areas
and shortly afterward announced the establishment of a wel-
fare-based drought relief payment scheme to help farmers
meet day-to-day living expenses. Unlike assistance available
through the Rural Adjustment Scheme, the drought relief
payment was not limited to farmers with a long-term future
in farming, but it was restricted to farmers in areas declared
to be experiencing exceptional circumstances. The welfare
payment was only for farm families affected by drought and
was not available during other forms of exceptional circum-
stances.

In 1997, following the end of the drought and a change
of government at the commonwealth level, a review was ini-
tiated into the operation of the National Drought Policy. The
review endorsed the risk management approach of the policy
but recommended some changes to its operation. At the same
time the drought policy was under review, the Rural Adjust-
ment Scheme was also reviewed and subsequently wound up
being replaced by a suite of programs under the title “Agri-
culture—Advancing Australia” (Anderson, 1997). The new
programs were not dissimilar from those they replaced and
continued to be aimed at improving farm productivity and
risk management. The drought relief payment was retained
but extended to address a wider range of exceptional circum-
stances beyond drought, thus being renamed the “exceptional
circumstances relief payment.” In 1999, commonwealth and
state ministers decided to refocus exceptional circumstances
support on welfare relief and phase out the business support
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components that had been provided through interest rate
subsidies.

In 2002 and 2003, Australia experienced widespread
drought, with some regions registering the lowest rainfall on
record (Bureau of Meteorology, 2002). The National Drought
Policy was once again put to the test, and a number of ongoing
problems with the system have once again come to the fore.
First, the continuing lack of an agreed-upon definition of
exceptional circumstances hampers the establishment of a
stable, predictable environment within which policy makers
and farmers must operate. While the trigger point at which
support becomes available, and the nature of that support,
remains fluid, farmers’ risk management strategies will be
hindered and the expectation of support is likely to generate
less than optimal management decisions. The term excep-
tional circumstances was not defined in either the legislation
establishing the provision or any of the accompanying explan-
atory material, such as ministerial speeches. Attempts have
been made over the life of the National Drought Policy to
develop an objective, “scientific” definition of exceptional
drought, but, as is generally agreed in the international lit-
erature, drought is very difficult to define (Dracup et al., 1980;
Wilhite, 2000b; Wilhite and Glantz, 1985). Second, exceptional
circumstances declarations have been geographically based,
resulting in what has become known as the “lines on maps”
problem. Thus, farmers in arguably objectively similar cir-
cumstances are treated quite differently because of the place-
ment of the boundary delineating exceptional circumstances
areas. Because considerable government support is available
to those on the “right” side of the line, this is an issue of great
concern. The problem was recognized in 2001 when ministers
agreed to the introduction of “buffer zones” around exceptional
circumstances areas so that farmers in “reasonable proximity”
to but outside the defined zones could apply for support (Agri-
culture and Resource Management Council of Australia and
New Zealand, 2001).

The application process for assistance was also changed
to allow farmers to make a prima facie case that they qualified
for support. If the application was subsequently rejected,
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farmers would still be able to receive up to 6 months of welfare
support, whereas successful applications would result in
income support payments for 2 years (Truss, 2002b). Eligibil-
ity was further relaxed by the decision to extend exceptional
circumstances declarations to an entire state once 80% of it
qualified under the exceptional circumstances program.

During the 2002–03 drought there was evidence of some
success with the risk management approach to drought prep-
aration. In 2002, Australian farmers held approximately
AU$2 billion in farm management deposits, a special scheme
to help farmers build financial reserves in preparation for
downturns such as drought.

C. Current Status and Future Directions

 In 2004 a national roundtable was convened to consider
drought policy. The roundtable considered a paper produced
by an independent panel following consultations with stake-
holders, and the roundtable results will be considered by
government (Truss, 2003b). A number of issues need to be
addressed. First, because the policy is dependent on the dec-
laration of an exceptional circumstances drought, the process
of drought declaration has become highly politicized. As is
often the case in Australia, the commonwealth and state gov-
ernments are from different political parties, which has cre-
ated an opportunity for politicians to use drought relief to
score political points (Amery, 2002; Truss, 2002a). This prob-
lem presents itself in ongoing debates about funding respon-
sibilities for drought support as well as in relation to the
second problem with the system—the definition of “excep-
tional cirumstances”. Third, the existing system is expensive,
with cost estimates of drought relief in the 2002–03 drought
exceeding AU$1 billion (Truss, 2003a). A number of questions
of equity are associated with this expenditure. The taxpayers
who contribute to the drought support are often less wealthy
over their lifetimes than the farmers—often temporarily cash
poor because of drought but asset rich because of their own-
ership of land—who are assisted. Potential inequities also
exist between farmers, particularly between those who do not
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qualify for support because of sound financial management
and poorer managers who find themselves in difficulty.

Australia has successfully introduced a national drought
policy based on a recognition of the reality of the Australian
climate, and it emphasizes preparedness rather than disaster
response. However, the Australian experience with policy
implementation contains important lessons about the intro-
duction of such a policy.

First, it is highly problematic to introduce a drought policy
based on risk management during a severe drought event.
Second, basing any drought relief on drought declarations
brings up two major implementation problems: the definition
of the circumstances under which support will be available and
the inequities raised by geographical delineation of the eligible
areas. Third, a system that relies on farmers to make a case
for support rather than satisfying previously agreed-upon cri-
teria opens the system to politicization, particularly in a federal
system in which both levels of government are involved in the
delivery of drought relief.

Policy makers, academics, and rural commentators gen-
erally agree that the underlying principles of the National
Drought Policy are sound (see, e.g., Botterill and Fisher, 2003).
It is difficult to argue against the proposition that drought is
a normal feature of the Australian environment and that
farmers need to manage climate risk along with other busi-
ness risks they face.

Given the problems with the existing system, several
alternative policy options are available. One of the most
appealing approaches would see the removal of broad-brush
drought declarations, to be replaced by a system that delivers
support to farmers on an individual basis. This would depo-
liticize the policy process and ensure that support was
directed where it was most needed. One mechanism for deliv-
ering this style of support would be through revenue-contin-
gent loans similar to the Higher Education Contribution
Scheme in Australia (for more detail on this proposal, see
Botterill and Chapman, 2002). Under this type of arrange-
ment, eligible farmers would access a loan only to be repaid
when the farm’s revenue stream returned to normal levels.
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The advantages of such an approach are that it is consistent
with a risk management approach to drought because the
farmer draws on future good times to help him or her through
current difficulties, it would not require geographically
defined drought declarations, and it would be administra-
tively simple.

Another approach could be to return exceptional drought
to the natural disaster relief arrangements on the same foot-
ing as other natural disasters such as floods, cyclones, and
earthquakes. A standing arrangement along these lines would
greatly reduce the politicization of the process but would
require an agreed-upon definition of drought and geographical
delineation of areas that were eligible for support—both of
which have been stumbling blocks in the current system.

A further consideration would be a reexamination of wel-
fare support for farmers in Australia. Australian agriculture
is dominated by the family farm, and for many farm families
there is close integration of the farm business and the farm
family. Although political leaders have been stressing for some
time that farming is a business (Anderson, 1997; Crean,
1992), for many farmers the distinction between farm busi-
ness and the farm family remains blurred. Australia’s social
welfare safety net does not cope well with the self-employed
nor, since the introduction of asset testing in the 1980s, with
supporting those in the community who are asset rich but
income poor. To date, farm welfare support in Australia has
been delivered as part of structural adjustment packages,
with the objective of encouraging marginal farmers to leave
the land. Although these programs have been largely unsuc-
cessful (Botterill, 2001), governments continue to frame farm
poverty as a structural adjustment issue. As noted above, the
emphasis of the exceptional circumstances program in recent
years has shifted to the delivery of welfare support. If the
general welfare safety net were adapted to deliver short-term
income relief to farmers in difficulty, there would be less
pressure for special payments during drought.

The removal of drought from the natural disaster relief
arrangements in Australia in 1989 signaled a major shift
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among policy makers from a position arguably anchored in
European expectations of rainfall to a recognition of the real-
ities of the uncertain Australian climate. The new policy envi-
ronment emphasized the responsibility of farmers to manage
climate risk with governments to “create the overall environ-
ment which is conducive to this whole farm planning and risk
management approach” and to “act to preserve the social and
physical resource base of rural Australia” in cases of severe
downturn (Agricultural Council of Australia and New
Zealand, 1992, p. 13). Although this new approach has general
currency among members of the rural policy community, it is
less clear that it has been understood or accepted by the
general public, both farming and nonfarming. As Wahlquist
has argued, Australia’s media does not have a good record of
presenting in-depth analysis of rural issues (Wahlquist, 2003),
and coverage of drought is patchy and often inconsistent. This
inconsistency, and the generous public response to an appeal
in support of drought-affected farmers, suggests that the mes-
sage that drought is a normal part of the Australian environ-
ment has not filtered through to the general community.
Bushfires in Canberra and Sydney and water restrictions in
urban areas in recent years have perhaps improved the
broader understanding of the impact of drought.

The 2004 review of the National Drought Policy will be
an important test of the Australian policy process, because 2004
will be a federal election year and a national party minister is
likely to be wary of too strong a policy stance that puts further
responsibility on farmers to manage for drought. Key farm
groups are engaged in their own internal consultation pro-
cesses in preparation for the roundtable (e.g., New South Wales
Farmers Association, 2003). Issues of drought preparation, dec-
laration processes, drought definitions, and appropriate forms
of government support are all likely to be debated in detail.
The policy is starting from a philosophical base that recognizes
the reality of Australia’s climate. The challenge is to ensure
that the next review builds on this in order to achieve a sus-
tainable and equitable drought response.
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IV. DROUGHT POLICY IN SOUTH AFRICA

South Africa has a long history of living with drought. A
drought during the early 1930s that coincided with the great
depression made a deep impression on many policy makers.
Significant droughts also occurred during the 1960s, 1980s,
and early 1990s. Despite this familiarity with drought, policy
makers still struggle to quantify it and to develop a stable
policy framework. Drought policy falls at the interface among
the numerous definitions of drought that require some quan-
tification of intensity, duration, and geographical extent; the
demand of human activities for water; and the safeguarding
of the natural environment. Therefore drought policy contin-
ues to evolve, particularly with the dynamic political environ-
ment in South Africa.

South Africa is characterized by east–west degradation
in rainfall, from greater than 1000 mm in the east to around
150 mm in the west. Much of the country lies above the
escarpment (1000 m) and experiences a combination of frontal
and convective rainfall, falling mainly during summer. The
southern coast receives rainfall throughout the year and the
southwestern corner is dominated by winter rainfall. The 500-
mm isohyet divides the country into arable land to the east
and primarily rangeland farming to the west. South Africa,
receiving a little less than 500 mm as a national average, is
classified as a dry country where the influence of variable
rainfall cannot be underestimated.

Part of the difficulty in addressing drought in South
Africa is the large proportion of the population that depends
on rainfed subsistence agriculture. This sector relies heavily
on the success of the rainy season to maintain adequate stocks
of food. Historically, the infrastructure development and
records maintenance in these areas have been neglected,
which has made it difficult to monitor food status.

Traditionally, the broad definition of drought in South
Africa has been seasonal rainfall less than 70% of normal
(Bruwer, 1990). Using this criterion, drought has been shown
to occur about 1 in 3 years in the western and northwestern
regions of the country. Only 30% of the country receives 500
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mm per annum or more. To further emphasize this, less than
18% of the country can be classed as arable land, of which
8% has fairly serious limitations to arable production (Schoe-
man et al., 2000). This underlines the vulnerability of the
country to the vagaries of rainfall.

In one of the early examinations into the causes of
drought, the 1923 Drought Investigation Commission con-
cluded:

Whether the character has altered or not, its quantity
diminished, drought losses can be fully explained without
presuming a deterioration in the rainfall. Your Commis-
sioners had a vast amount of evidence placed before them
from which only one conclusion can be drawn, namely,
that the severe losses of the 1919 drought were caused
principally by faulty veld [rangeland] and stock manage-
ment. (Union of South Africa, 1923 p.5).

Subsequent investigations into various aspects of agricul-
ture in the 1960s and 1970s reiterated this observation, indi-
cating that no real lessons were learned, and once conditions
returned to normal the policy status quo was generally main-
tained. Some initiatives were implemented to reduce overgraz-
ing: conversion of cropland to grazing land in marginal areas
and a revised scheme to limit assistance only to farmers who
followed sound agricultural and financial practices.

In the past, state aid required magisterial districts
(third-tier government) to be declared “drought disaster” sta-
tus. This legal requirement necessitated a quantitative index
that could be uniformly applied. This index was broadly
defined as two consecutive seasons of 70% or less rainfall
(Bruwer, 1990). Normal drought, for which a farmer was
expected to be self-reliant, was for a period of 1 year or less.
Disaster drought was defined as two consecutive seasons of
below 70% of normal rainfall. A disaster drought implied that
an area would qualify for state relief.

In fact, Bruwer (1990) noted that certain magisterial
districts had been declared disaster drought areas for 70%
of a 30-year review period, whereas some eastern portions
of the country had never been declared. This indicates that
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the quantitative index is not optimal. In fact, because it
depends on a deviation from mean annual rainfall, and the
skewed distribution of annual rainfall totals in the drier
areas, it favored drought declarations in the lower rainfall
regions.

The National Drought Committee (NDC) consisted of
representatives of farmers’ organizations, the Soil Conserva-
tion Advisory Board, the financial sector (i.e., banking, agri-
cultural credit organizations, and Department of Agricultural
Economics and Marketing), and the agricultural community.
This committee scrutinized applications concerning disaster
drought status and then advised the Minister of Agriculture
regarding these applications. On the local level, a district
drought committee was formed under the chair of the local
magistrate. This committee examined all local applications
and submitted these to the NDC using the prescribed format.
Declaration and revocation of drought-stricken areas were
evaluated considering the following five criteria:

1. Rainfall over at least three seasons
2. Veld (rangeland) condition
3. Availability of water (for stock)
4. Stock condition or deaths
5. Availability and volume of fodder to be purchased

Drought assistance schemes were aimed at maintaining
a nucleus herd or stock for reestablishment after the drought
was over. A phased system of drought assistance was devel-
oped. The first level consisted of rebates on transport costs,
followed by loans and finally subsidies at increasing rates as
the drought continued. The assistance scheme served to pro-
tect natural resources and provide for livestock farmers dur-
ing a disaster drought. The maintenance of a healthy and
viable nucleus herd was not to be at the expense of the natural
resources or to the detriment of a farmer’s financial position.
However, by the mid 1980s it was clear the policy had failed
to protect natural resources as envisaged.

The government acknowledged that the drought assis-
tance schemes contributed to sustaining selected agricultural
production and communities. However, they struggled to
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define clear onset and shut-down phases of the drought assis-
tance, and at times, assistance was out of phase with envi-
ronmental conditions.

Many farmers overestimated the condition and potential
of their agricultural resources. Farmers who overexploited
their resources also benefited from the drought assistance
schemes. This was clearly unacceptable. The scheme did not
encourage a proactive or risk management approach. During
their visit to South Africa, White and O’Meagher (1999)
observed that inappropriate policy and incentives had led to
inappropriate management, which resulted in nonviable agri-
culture and degradation of scarce natural resources. As noted
above, Australian drought policy places considerable empha-
sis on encouraging primary producers to adopt self-reliant
approaches to cope with drought and farm management.

For stock farmers, the government provided assistance
in time of drought for the movement of stock or fodder and
availability of loans. The definition of drought resulted in
certain areas being under a disaster drought declaration for
>50% of the time between 1956 and 1986 (Smith, 1994). Inci-
dental observation of pre-1990 drought policy for stock farm-
ers noted that periods of drought declaration were excessive,
relating more to overstocking than to climate. The effects on
land degradation were serious, and government assistance,
while substantial, could be interpreted as exacerbating the
problem rather than reducing it (Smith, 1994). The challenge
of determining when intervention should occur and in what
form has occupied experts in many countries. Until the 1990s,
drought policy in South Africa was directed primarily at stock
farmers (Walters, 1993). Stock farming was considered best
adapted to the highly variable rainfall conditions in these
areas. However, assistance tended to favor the poorer man-
agers and climatically marginal area (Smith, 1993).

Bruwer (1990) pointed out that most drought counter-
measures were reactive in nature. The development of new
policy in the early 1990s required greater emphasis on a
proactive approach. Bruwer also pointed out that drought
effects are largely human induced. This signified an important
turnaround in the approach of government policy regarding
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state drought intervention. Rangeland specialists identified
farming areas that were overstocked by >50%. Research in
the Free State province demonstrated how overstocking
increases the length of fodder shortage periods and the prob-
ability of such shortages.

The government concluded that if no remedial actions
were taken, land degradation could encroach on a significant
proportion of the country (Bruwer, 1990). Expenditure on
drought and flood relief was increasing significantly, from
$150 million during 1984–85 to $330 million in 1992–93 (Mon-
nik, 1997). Was this expenditure justified in achieving the
government’s objectives? With the continued degradation of
natural agricultural resources, government was provided with
a strong motivation to review its approach in providing finan-
cial and other relief. As put by Tyson (1988 p.17), who empha-
sized the need for a different paradigm: “All future planning
must be predicated on the assumption that it is a land of
drought rather than a land of plentiful rain.”

During the 1980s, drought stakeholders in South Africa
were captivated by a sense of anticipation. Research by Tyson
(1986) concerning rainfall patterns and cycles of wet and dry
spells on a decadal scale led to the successful prediction of
the drought during the early 1980s. Van Heerden et al. (1988)
and many others internationally investigated the feasibility
of providing seasonal rainfall anomaly predictions. The first-
ever “official” long-term prediction was attempted for the
1986–87 summer season. Because of possible misunderstand-
ing, the forecast was submitted personally to interested par-
ties and not released to the media (Van Heerden, 1990).
Tyson’s (1986) research on 33 widely distributed rainfall sites
across the summer rainfall region of South Africa showed a
clear oscillatory pattern in rainfall, producing 9-year spells
of alternating generally dry and wet conditions.

Parallel to the progress in seasonal forecasts were devel-
opments in satellite-based operational monitoring systems
such as the National Oceanic and Atmospheric Administra-
tion’s or NOAA’s Advanced Very High Resolution Radiometer,
or AVHRR. Coupled with the availability of crop and range-
land models and rainfall deciles, there was a sense of antici-
pation that effective monitoring and forecasting were coming
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together. Dr. J Serfontein, the then deputy director-general of
environmental affairs, speaking at the Southern African
Regional Commission for the Conservation and Utilization of
the Soil (SARCCUS) Workshop on drought, stressed the ben-
efit such information could be to government for long-range
planning (Serfontein, 1990).

Du Pisani (1990) summarized some of the objective tech-
niques used to monitor drought in South Africa. These
included utilization of water balance models, rainfall deciles,
crop models, and remote sensing techniques. He highlighted
the difficulty in determining drought severity because of the
interaction of intensity, geographical extent, duration, and
water resource requirements.

During the early 1990s, drought policy was changed to
place greater obligations on farmers to reciprocate for state
aid. Farmers were asked to commit to practices aimed at
promoting resource conservation and the long-term sustain-
ability of economic production (Walters, 1993). For example,
only farmers who submitted their stocking rates (stock units
per hectare) quarterly to their local Department of Agricul-
ture office, and who reduced stock on drought warnings, were
eligible for state aid. Although this policy led to improvements
in the management of drought assistance for stock farmers,
it continued the institutionalized neglect for the protection of
the rural poor from threats posed by insufficient water, food,
and employment (Walters, 1993). In addition, the definition
of disaster drought conditions continued to favor the western
portions of the country, where the coefficient of variation of
rainfall was greater.

One of the keys to the new drought policy (post-1990)
was the recognition of grazing capacity zones (Smith, 1993).
Five grazing capacity classes were defined across the country.
Drought assistance was limited to farmers who remained
within the prescribed capacities. Farmers had to maintain
records of stock numbers and report on a quarterly basis.
Drought declarations were proposed by local drought commit-
tees and supervised by the National Drought committee. The
director-general made the final decision, basing the declara-
tion on the same five factors used by the NDC that were
mentioned previously.
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One of the central aims of the system was to protect
natural resources, which had been a largely unrealized aspi-
ration of the original policy. By elevating this within the policy
framework, the goal was to take better care of natural
resources in South Africa. In fact, since the 1960s, there has
been little incentive for farmers to refrain from cultivating
marginal agricultural land (Vogel, 1994). Inappropriate sub-
sidies and a high level of mechanization and fertilization
resulted in deterioration of farmland in many instances.

The approach during the early 1990s attempted to
develop a longer term view with a greater emphasis on risk
management. Part of the motivation was to address the appar-
ent escalation in the cost of implementing the existing
schemes. The scheme as developed in 1990 aimed to:

• Provide financial assistance to farmers
• Ensure agricultural resources are protected
• Encourage farmers to apply optimal resource utiliza-

tion
• Contribute to the maintenance of a nucleus breeding

herd

These aims did not differ much from the original aims,
although the scheme did attempt to address some of the
concerns that had become evident over the past years.

In 1990, the government argued that, because South
Africa is an arid country, the state has a moral obligation and
responsibility to assist people during times of hardship and
prevent long-term disruption to communities and infrastruc-
ture (Bruwer, 1990). Although the systems seemed to address
the situation among commercial stock farmers, subsistence
farmers, crop farmers, and other significant stakeholders
were overlooked. In contrast to this, the then Minister of
Agriculture just 7 years later noted that drought aid encour-
aged bad practice, was inequitable in the past, and created
expectations that government would bail out farmers in all
disasters; he also noted that a prolonged drought would affect
everyone in the country (Hanekom, 1997).

During the early 1990s, the National Consultative Forum
on Drought was formed. This forum, comprising members of
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government and nongovernmental organizations, sought to
raise the profile of all communities that were being affected
by drought. This allowed for drought assistance to be provided
to a broader range of the population (Vogel, 1994).

The White Paper on Agriculture (Ministry of Agriculture,
1995 p. 7) stated that: “Drought will be recognised as a normal
phenomenon in the agricultural sector and it will be accom-
modated as such in farming and agricultural financing sys-
tems.”

The new democratic government’s stand on drought
assistance was still to be tested during a “real” drought. The
farming community, which had generally benefited in the past
from the majority of government assistance, expressed con-
cern. The acknowledgment that drought was part of the nor-
mal environment caused them to reevaluate their practices.

Thus as media attention focused on the El Niño/Southern
Oscillation (ENSO) phenomenon during 1997, when there was
an expectation of a large El Niño event, response from the
private sector was noticeable. It was reported that McCarthy
Motor Holdings sold no light delivery vehicles from their
Hoopstad agency after the first El Niño press release (Sep-
tember 1997). In addition, tractor sales for October 1997 were
20% lower and sales of haymaking equipment increased by
50% over the corresponding period the previous year (Redel-
inghuys, 1997).

The impact of this ENSO event on South African rainfall
did not materialize as predicted, which caused many people
to lose faith in these forecasts. However, economists observed
that the financial discipline exerted by farmers resulted in
them being in a much healthier state at the end of the season
than if they had ignored the forecast from the beginning. This
indicated that commercial farming can benefit from a greater
appreciation of drought risk. It may also contribute to devel-
oping some degree of robustness to drought.

The discussion paper on agricultural policy in South
Africa provided more detail concerning the new government’s
view on drought assistance. The authors recognized that past
policies had weakened the farmers’ resolve to adopt risk-
coping strategies. Expenditure of $1.2 billion to write off and
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consolidate farmer debt during 1992–93 was identified as
unsustainable. The government set itself on a course to pro-
vide other options, besides relief, to help farmers cope with
drought (Ministry of Agriculture, 1998).

More recently, the government has placed more emphasis
on risk management. During 2002, an agricultural risk insur-
ance bill was developed. The purpose of the bill was to enhance
the income of those farmers and producers most vulnerable
to losses of agricultural crops and livestock due to natural
disaster, including drought. In addition, a drought manage-
ment strategy was under development during 2003 and 2004.
This document is eagerly anticipated to provide greater detail
in line with the policy guidelines. 

Williams (2000) pointed out that the recent advances in
long-lead forecasting provide the opportunity to focus more
on managing climatic variability instead of being the passive
victim of an “unexpected” drought. South Africa needs to
maintain its investment in meteorological research and com-
munication to the public, and to encourage links with the
global meteorological community.

A challenge remains for the South African government:
to maintain a policy balance between encouraging a risk man-
agement approach for large agricultural enterprises and pro-
viding a safety net for the resource-limited sectors of the
population.

V. MOVING FROM CRISIS TO RISK 
MANAGEMENT: CREEPING TOWARD A 
NATIONAL DROUGHT POLICY FOR THE 
UNITED STATES

Drought is a normal part of the climate for virtually all por-
tions of the United States; it is a recurring, inevitable feature
of climate that results in serious economic, environmental,
and social impacts. The Federal Emergency Management
Agency (FEMA) estimates average annual losses because of
drought in the United States to be $6–8 billion, more than
for any other natural hazard (FEMA, 1995). Yet the United
States is ill prepared to effectively deal with the consequences
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of drought. Historically, the U.S. approach to drought man-
agement has been to react to the impacts of drought by offer-
ing relief to the affected area. These emergency response
programs can best be characterized as too little and too late.
More important, as noted in this chapter for Australia and
South Africa, drought relief does little if anything to reduce
the vulnerability of the affected area to future drought events.
In fact, there is considerable evidence that providing relief
actually increases vulnerability to future events by increasing
dependence on government and encouraging resource man-
agers to maintain the very resource management methods
that may be placing the individual, industry, utility, or com-
munity at risk. Improving drought management requires a
new paradigm, one that encourages preparedness and miti-
gation through the application of the principles of risk man-
agement.

Drought conditions are not limited to the western United
States—although they occur more frequently in this region
and are usually longer in duration than those that occur in
the east. The droughts of 1998–2002 demonstrated the vul-
nerability of the eastern states to severe and extended periods
of precipitation deficits. Wherever it occurs, severe drought
can result in enormous economic and environmental impacts
as well as personal hardship. However, because the incidence
of drought is lower in the east, this region is generally less
prepared to mitigate and respond to its effects. The west is
currently better equipped to manage water supplies during
extended periods of water shortage because of large invest-
ments in water storage and transmission facilities, more
advanced water conservation measures, irrigation, and other
measures that improve resiliency.

State-level drought planning has increased significantly
during the past two decades (Wilhite, 1997a). In 1982, only 3
states had drought plans in place. By 2004, 36 states had
developed plans and 4 states were at various stages of plan
development (http://drought.unl.edu/mitigate/status.htm).
The basic goal of state drought plans should be to improve
the effectiveness of preparedness and response efforts by
enhancing monitoring and early warning, risk and impact
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assessment, and mitigation and response. Plans should also
contain provisions to improve coordination within agencies of
state government and between local and federal government.
Initially, state drought plans largely focused on response;
today the trend is for states to place greater emphasis on
mitigation as the fundamental element. Several states have
recently revised their drought response plans to further
emphasize mitigation (e.g., Montana, Nebraska, Colorado).
Other states that previously did not have a drought plan have
recently developed plans that place more emphasis on miti-
gation (e.g., New Mexico, Texas, Georgia, Hawaii). Arizona is
currently developing a drought mitigation plan. As states gain
more experience with drought planning and mitigation
actions, the trend toward mitigation is expected to continue.
In addition, drought planning must be considered an ongoing
process rather than a discrete event. Moving from response
planning to mitigation planning represents a continuum.
Even the most advanced state drought planning efforts have
moved only partially along that continuum.

The growth in the number of states with drought plans
suggests an increased concern at that level about the potential
impacts of extended water shortages and an attempt to
address those concerns through planning. Initially, states
were slow to develop drought plans because the planning
process was unfamiliar. With the development of drought
planning models (see Chapter 5) and the availability of a
greater number of drought plans for comparison, drought
planning has become a less mysterious process for states
(Wilhite, 2000a). As states initiate the planning process, one
of their first actions is to study the drought plans of other
states to compare methodology and organizational structure.

The rapid adoption of drought plans by states is also a
clear indication of their benefits. Drought plans provide the
framework for improved coordination within and between
levels of government. Early warning and monitoring systems
are more comprehensive and integrated, and the delivery of
this information to decision makers at all levels is enhanced.
Many states are now making full use of the Internet to dis-
seminate information to a diverse set of users and decision
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makers. Through drought plans, the risks associated with
drought can be better defined and addressed with proactive
mitigation and response programs. The drought planning pro-
cess also provides the opportunity to involve the numerous
stakeholders early and often in plan development, thus
increasing the probability that conflicts between water users
will be reduced during times of shortage. All of these actions
can help to improve public awareness of the importance of
water management and the value of protecting limited water
resources.

With tremendous advances in drought planning at the
state level in recent years, it is not surprising that states have
been extremely frustrated and dissatisfied with the lack of
progress at the federal level. The lack of federal leadership
and coordination quickly became an issue after a string of
consecutive drought years beginning in 1996. This resulted
in a series of policy initiatives that have put the United States
on course to develop a national drought policy.

Calls for action on drought policy and plan development
in the United States date back to at least the late 1970s. The
growing concern has resulted primarily from the inability of
the federal government to adequately address the spiraling
impacts associated with drought through the traditional reac-
tive, crisis management approach. This approach has relied
on ad hoc inter-agency committees that are quickly disbanded
following termination of the drought event. The lessons (i.e.,
successes and failures) of these response efforts are forgotten
and the failures are subsequently repeated with the next
event. Calls for action include recommendations from the
Western Governors’ Policy Office (1978), General Accounting
Office (1979), National Academy of Sciences (1986), Great
Lakes Commission (1990), Interstate Council on Water Policy
(1991), Environmental Protection Agency (Smith and Tirpak,
1989), American Meteorological Society (1997), Office of Tech-
nology Assessment (1993), Federal Emergency Management
Agency (1996), Western Governors’ Association (1996), and
Western Water Policy Review Advisory Commission (1998).

The most recent of these calls for action are worthy of
further discussion. In response to the severe impacts of
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drought in 1996, FEMA was directed to chair a multi-state
drought task force to address the drought situation in the
Southwest and the southern Great Plains states (FEMA,
1996). The purpose of the task force was to coordinate federal
response to drought-related problems in the stricken region
by identifying needs, applicable programs, and program bar-
riers. The task force was also directed to suggest ways to
improve drought management through both short- and long-
term national actions. The final report of this task force con-
tained several important long-term recommendations. First,
the task force called for the development of a national drought
policy based on the philosophy of cooperation with state and
local stakeholders. It recommended that this policy include a
national climate and drought monitoring system to provide
early warning to federal, state, and local officials of the onset
and severity of drought. Second, it suggested that a regional
forum be created to assess regional needs and resources, iden-
tify critical areas and interests, provide reliable and timely
information, and coordinate state actions. Third, FEMA was
asked to include drought as one of the natural hazards
addressed in the National Mitigation Strategy, given the sub-
stantial costs associated with its occurrence and the numer-
ous opportunities available to mitigate its effects. Fourth,
states strongly requested that a single federal agency be
appointed to coordinate drought preparedness and response.

Another important initiative resulting from the 1996
drought was the development of a drought task force under
the leadership of the Western Governors’ Association (WGA).
This task force, formed in June 1996, emphasized the impor-
tance of a comprehensive, integrated drought response. The
WGA Drought Task Force’s report made several important
recommendations (WGA, 1996). First, it recommended devel-
opment of a national drought policy or framework to integrate
actions and responsibilities among all levels of government
and emphasize preparedness, response, and mitigation mea-
sures. Second, it encouraged states to develop drought pre-
paredness plans that include early warning, triggers, and
short- and long-term planning and mitigation measures.
Third, it called for creation of a regional drought coordinating
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council to develop sustainable policy, monitor drought condi-
tions, assess state-level responses, identify impacts and issues
for resolution, and work in partnership with the federal gov-
ernment to address drought-related needs. Fourth, the report
called for establishment of a federal interagency coordinating
group with a designated lead agency for drought coordination
with states and regional agencies.

A number of important policy initiatives have resulted
from the FEMA and WGA reports. A memorandum of under-
standing (MOU) was signed in early 1997 between the WGA
and several federal agencies. This MOU called for a partner-
ship between federal, state, local, and tribal governments to
reduce drought impacts in the western United States. The
MOU resulted in the following actions: (1) the Western
Drought Coordination Council (WDCC) was formed to address
the recommendations of the western governors; (2) the U.S.
Department of Agriculture (USDA) was designated as the lead
federal agency for drought, to carry out the objectives of the
MOU; and (3) the USDA established a federal inter-agency
drought coordinating group.

Another initiative of considerable relevance was the reex-
amination of western water policy by the Western Water Pol-
icy Review Advisory Commission (1998). This commission was
created by passage of the Western Water Policy Review Act
of 1992. One of the commission’s reports summarized recom-
mendations from recent studies on drought management that
should be incorporated in future attempts to integrate
drought management and water policy in the West (Wilhite,
1997b). The consensus from the reports reviewed in this study
emphasized the need for a national drought policy and plan,
a national climate monitoring system in support of that policy,
and the development of state drought mitigation plans.
Although impacts of drought occur mainly at the local, state,
and regional level, this study concluded that it was imperative
for the federal government to provide the leadership neces-
sary to improve the way the nation prepares for and responds
to drought.

The National Drought Policy Act of 1998 (PL 105–199)
was introduced in Congress as a direct result of the 1996
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drought and the initiatives referred to previously. This bill
created the National Drought Policy Commission (NDPC) to
“provide advice and recommendations on creation of an inte-
grated, coordinated Federal policy designed to prepare for and
respond to serious drought emergencies.” The NDPC’s report,
submitted to Congress and the president in May 2000, rec-
ommended that the United States establish a national
drought policy emphasizing preparedness (NDPC, 2000). The
goals of this policy would be to:

1. Incorporate planning, implementation of plans and
proactive mitigation measures, risk management,
resource stewardship, environmental considerations,
and public education as key elements of an effective
national drought policy

2. Improve collaboration among scientists and manag-
ers to enhance observation networks, monitoring,
prediction, information delivery, and applied
research and to foster public understanding of and
preparedness for drought

3. Develop and incorporate comprehensive insurance
and financial strategies into drought preparedness
plans

4. Maintain a safety net of emergency relief that
emphasizes sound stewardship of natural resources
and self-help

5. Coordinate drought programs and resources effec-
tively, efficiently, and in a customer-oriented manner

The NDPC further suggested creation of a long-term,
continuing National Drought Council composed of federal and
nonfederal members to implement the recommendations of
the NDPC. It advised Congress to designate the Secretary of
Agriculture as the co-chair of the council, with a nonfederal
co-chair to be elected by the nonfederal council members. An
interim National Drought Council was established by the
Secretary of Agriculture following submission of the NDPC
report, pending action on a permanent council by the U.S.
Congress.
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In July 2003, the National Drought Preparedness Act
was introduced in the U.S. Congress. The purpose of this bill
is “to improve national drought preparedness, mitigation, and
response efforts.” The bill authorizes creation of a National
Drought Council within the Office of the Secretary of Agri-
culture. Membership on the council would be composed of both
federal and nonfederal persons. The council would assist in
coordinating drought preparedness activities between the fed-
eral government and state, local, and tribal governments. A
National Office of Drought Preparedness would be created
within the USDA to provide assistance to the council. The
council is directed by the bill to develop a “comprehensive
National Drought Policy Action Plan that

• delineates and integrates responsibilities for activities
relating to drought (including drought preparedness,
mitigation, research, risk management, training, and
emergency relief) among Federal agencies; and 

• ensures that those activities are coordinated with the
activities of the States, local governments, Indian
tribes, and neighboring countries; and

• is integrated with drought management programs of
the States, Indian tribes, local governments, water-
shed groups, and private entities; and

• avoids duplicating Federal, State, tribal, local, water-
shed, and private drought preparedness and monitor-
ing programs in existence.”

This bill also stresses improvement of the national inte-
grated drought monitoring system by enhancing monitoring
and climate and water supply forecasting efforts, funding
specific research activities, and developing an effective
drought information delivery system to improve the flow of
information to decision makers at all levels of government
and to the private sector. A preliminary study to assess gaps
in the current drought monitoring network and compile a
prototype of a more comprehensive, integrated national
drought information system was recently completed with sup-
port from the NOAA, under the leadership of the WGA (2004).
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Actions taken since 1996 to improve drought management
in the United States have had little effect to date—especially
at the federal level, as verified by the federal response to
drought conditions in 2000–2003. Instead, states have contin-
ued to be the most progressive, a trend that began in the early
to mid-1980s. Thirty-six states have drought plans and another
four states are at various stages of plan development, most
with a focus on mitigation. Other states have made substantial
progress in drought plan revision, again emphasizing mitiga-
tion. Federal agencies are now speaking the new language of
drought management, and phrases like “improved coordination
and cooperation,” “increased emphasis on mitigation and pre-
paredness,” and “building nonfederal/federal partnerships”
have become commonplace. However, the existing institutional
inertia of federal emergency response programs and the expec-
tations of the recipients of those assistance programs encourage
drought management to remain in a reactive, crisis manage-
ment mode. The mentality of most state and federal govern-
ment agencies clearly remains response oriented. Whether
federal and state policy makers clearly understand the scope
of the changes that will be required to invoke the new paradigm
of risk management in the United States is not apparent at
this time. When drought conditions exist, especially in election
years, drought relief is one method members of Congress use
to send money home to their constituents. The true test of
whether we are making progress will be if the Congress passes
the National Drought Preparedness Act and the USDA rapidly
implements its various components. State governments and
special interest groups must show their support for this bill,
both when Congress is deliberating it and following its passage.
Hopefully, this bill will provide the authority necessary to direct
federal agencies to modify existing policies and programs to
emphasize mitigation and preparedness, thus effectively shift-
ing funding from crisis to risk management and implementing
the new paradigm.

Only time will determine the dedication of the nation to
this new approach to drought management. A continuation
of widespread, severe drought in the next few years would
certainly engender greater support for this new paradigm and
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help the United States continue down the path to risk man-
agement. The political will to change the way we manage
drought appears to be genuine but may evaporate quickly if
a series of wet years occurs. Changing the momentum of the
past is a difficult obstacle to overcome. It is critical for the
scientific community and the public to hold policy makers to
this commitment.

VI. SUMMARY

Australia, South Africa, and the United States are extremely
drought-prone nations with a longstanding history of govern-
ment intervention in the form of drought relief. Drought
impacts are substantial, and each government has addressed
drought primarily through the crisis management approach.
This approach has proved to be unsuccessful. Australia was
the first of the three countries to move toward a national
drought policy that emphasized a more risk-based manage-
ment approach, focused on improving self-reliance and mini-
mizing the need for government intervention during and in
the post-drought period. South Africa and the United States
have each followed a similar course of action and are at var-
ious stages in the development of a national drought policy.
The lessons learned in each of these cases can be instructive
to both developed and developing countries seeking a more
proactive approach to drought management and improved
levels of drought preparedness.
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I. INTRODUCTION: A NEW ERA OF WATER 
SCARCITY OR AN OLD ERROR OF WATER 
WASTE?

The discovery from tree rings of ancient drought cycles, the
emergence of centuries-old shipwrecks on drying riverbeds, and
the forecasts of unruly climate change and variability can easily
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stir fear for our water future—in both scientist and citizen
alike. Yet such conditions need not be predictors of our water
fate.

Exactly how the water demands of the 21st century’s grow-
ing population will be met is, indeed, a formidable challenge.
Half of the world’s 6 billion people now live in urban environ-
ments—projected to increase to 60% by 2030—and the majority
of the globe’s 16 mega-cities (10 million or more residents)
reside in regions confronting mild to severe water stress,
according to the United Nations (2003). Between 1950 and
2000, the world’s population more than doubled (United
Nations, 2002), and its water demands roughly tripled (Postel
and Vickers, 2004). From 2000 to 2050, global population is
projected to grow 45%, reaching nearly 9 billion people (United
Nations, 2002). Clearly, the world’s water demands are increas-
ing, but nature’s present—and future—water budget remains
largely fixed at the limits of its primordial creation.

From where and at what cost future water supplies will
be derived remains an unanswered and troubling question for
many public officials and water managers. With falling
groundwater tables and approximately 800,000 dams now
altering natural river flows worldwide—more than 75% of the
river systems in the United States, Canada, Europe, and the
former Soviet Union are already diverted by dams—much of
the developed world’s freshwater sources have already been
tapped (Postel and Richter, 2003). Signs of water stress are
apparent in the receding levels of some of the world’s largest
and most prized bodies of fresh water: Lake Mead in Nevada,
the largest human-made reservoir in the United States (Rit-
ter, 2003); Lake Chapala, the largest freshwater body in Mex-
ico (Carlton, 2003); and the Aral Sea in Central Asia, once
the world’s fourth largest lake and now a mere third of its
original volume (Postel and Richter, 2003). The levels of Lake
Chapala are dropping because of development and outmoded
irrigation techniques used by the arid region’s farmers. Cycli-
cal droughts in the region have been aggravated by rapid
population growth. That, along with declining home values
for U.S. and Canadian retirees, is putting in peril the $200
million in annual revenues provided to that poor region by
expatriates. The lake also is becoming a dead zone for marine



Managing Demand: Water Conservation as a Drought Mitigation Tool 175

life, with several fish species practically wiped out. “Time is
awfully close to running out,” says Dr. Woen Lind, a Baylor
University biology professor who has studied Lake Chapala
(Carlton, 2003).

After more than a century of water supply development
and accompanying exploitation of the natural ecosystems on
which water systems depend, the goal of quenching humanity’s
thirst for more water seems as elusive as ever. The severity
and cost of the world’s droughts and chronic water supply
problems are worsening, arguably leading to a global water
crisis. Yet, on every continent and in nearly every water system
facing drought or long-term water shortage, there exists a glar-
ing if not nagging antidote: the elimination of water waste:

[I]t is evident that there must be a great amount of water
wasted in many cities. Millions of dollars are being spent
by many of our larger cities to so increase their supply
that two thirds of it may be wasted. This waste is either
intentional, careless, or through ignorance. (Folwell,
1900, p. 41)

We need … to reduce leakage, especially in the many
cities where water losses are an astonishing 40 per cent
or more of total water supply. (Annan, 2002)

Water waste—from leaking, neglected underground
pipes to green lawns in deserts, and the application of archaic
flooding methods to grow food crops—is so prevalent that it
is typically considered normal if not inevitable. But is this a
reasonable assumption, one that should continue to guide
drought response and water management today? To be sure,
all water systems will have some leaks, the human experience
relies on water for its functional value as well as its aesthetic
and inspirational qualities, and beneficial reuse is a compo-
nent of some irrigation losses. But to what extent have we
defined our true water needs in contrast to our water wants,
demands, and follies? If Singapore, Copenhagen, Denmark,
and Fukuoka, Japan, are able to minimize their total unac-
counted-for water (UFW) losses to 5% or less, how efficiently
is water used in Jordan and in Taipei, Taiwan, and Johannes-
burg, South Africa, that more than 40% is lost to leakage and
unexplained uses? (Postel and Vickers, 2004) Does a resident
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in Scottsdale, Arizona, or Las Vegas, Nevada, really need to
use twice as much water as one in Mesa or Tucson, Arizona,
with a virtually identical climate—and in a desert? (Figure 1).

Water waste and delayed drought management that
resist calls for large-scale and aggressive conservation action
hurt economies, too. Tourism, recreational, and related sales
losses in Colorado in 2002, the same year Colorado experi-
enced one of its worst droughts on record, were estimated at
$1.7 billion, or 20% of normal, according to one study. Low
water flows on the Colorado and Arkansas rivers in that state
affected rafting and related recreational industries particu-
larly hard (Cada, 2003), yet some cities and towns that draw
from those and other water sources waited until the end of

Figure 1 Per capita indicators of single-family water use and
system unaccounted-for water in southwestern and western U.S.
cities, 2001. (From Western Resource Advocates, 2003.)
* Estimated component of reported GPCD.
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summer to impose their most stringent restrictions on non-
essential, discretionary uses such as lawn watering. The
establishment of earlier and more aggressive conservation
requirements, particularly for landscape watering, could have
better preserved streamflows and reservoir levels. For exam-
ple, the reservoirs for Denver, Colorado, which draw partly
from the Colorado River, were more than half empty before
Denver Water mandated a “no watering” ban on October 1
(Gardener, 2004), just as the cooler days of autumn were
arriving and outdoor watering was waning anyway. By then,
the damage had been done. With its water levels still precip-
itously low, in late 2002 Denver Water began a $0.7 million
cloud seeding program to increase its reservoir levels (U.S.
Water News, 2003) in an attempt to help make up for what
its water conservation program lacked. A recent study of sin-
gle-family water use in Denver found that more than 55% is
estimated to be used outdoors—primarily for lawn watering
(Western Resource Advocates, 2003). The opportunity for sig-
nificant water savings from this water use excess is obvious
yet largely ignored.

While some point to the West and Southwest regions of
the United States as examples of water mismanagement and
misuse, unfortunately, such practices are becoming more prev-
alent, including in regions such as precipitation-rich New
England. And they are taking a toll. Such demands can tax the
ecological balance of reservoirs, rivers, and aquifers even dur-
ing times of normal precipitation, but they incur even more
severe impacts during drought. For example, the Ipswich River
in eastern Massachusetts now runs dry periodically during the
summer months because of excessive water withdrawals for
suburban lawn irrigation that are diminishing that river’s base
flows. The Ipswich River actually dried up completely in 1995,
1997, and 1999 (Postel and Richter, 2003), leaving dead fish,
ruined wildlife habitats, and a dry riverbed torn up by teenag-
ers driving all-terrain vehicles. Although some argue that rais-
ing water rates and sending a strong pricing signal about the
value of water will curb abusive water use, some people, par-
ticularly the affluent, are price insensitive when it comes to
wanting a perfect-looking green lawn. As Postel and Richter
(2003) point out in Rivers for Life: Managing Water for People
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and Nature, “hefty water bills may not be enough: outright
bans on lawn watering when river flows drop below ecological
thresholds may be necessary” (p. 176) to preserve healthy
streamflows and fish stocks. Despite the reluctance of some
public officials to curb excessive lawn watering, Lawn Care for
Dummies expresses a core value of the water-wise: “Face it,
you have more important things to do with water than put it
on a lawn” (Walheim, 1998).

On the spectrum of water use, how wide and avoidable
is the stretch of inefficiency and waste? When we compute the
simple equation that subtracts our true water needs from our
total water demands, the sum—water waste and ineffi-
ciency—reveals an expansive “new” source of freshwater
capacity that can not only relieve the effects of drought but
also help offset the adverse impacts of long-term shortages.

II. WATER CONSERVATION: THE GREAT 
UNTAPPED WATER SUPPLY

Water conservation is a powerful yet underutilized drought
mitigation tool that can stave off the severe water shortages,
financial losses, and public safety risks that historically have
been assumed to be an inevitable consequence of drought.
Hundreds of hardware technologies and behavior-driven mea-
sures are available to boost the efficiency of water use: when
implemented and put into action, they can drive down short-
term as well as long-term water demands (Vickers, 2001).

For nearly every example of water waste and inefficiency
that can be found in water systems, homes, landscapes, indus-
tries, businesses, and farms, there is a water conservation
device, technology, or practice that will save water (Table 1)
(American Water Works Association, 1996; Postel, 1999;
Smith and Vickers, 1999; Vickers, 2001). Hardware measures,
such as leak repairs, low-volume toilets, and more efficient
cooling and heating systems, will result in long-term demand
reductions and typically require one action only (installation
or repair) to realize ongoing water savings. Behavior-oriented
measures, such as turning off the faucet while brushing teeth,
and other actions involving human decision making, typically
realize savings on a short-term basis but not over the long
term. Because behavior-oriented conservation measures often
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yield only temporary water savings, hardware and technology-
based efficiency measures are favored by conservation man-
agers, whose goal is permanent, long-term water reductions
(Vickers, 2001). Case studies of efficiency measures imple-
mented by individual end users among each major customer
sector document not only water reductions, but also financial
savings and other benefits (Table 2) (Adler et al., 2004; Bor-
mann et al., 2001; DeOreo et al., 2004; Kenney, 2004; Ng,
personal communication, 2003; U.K. Environment Agency,
2003).

The nearly 50% water demand reductions achieved by
the city of Cheyenne, Wyoming, during record-breaking heat
and minimal rain in the summer of 2002 exemplify how adher-
ence to simple and reasonable conservation practices can
enable a drought-stricken water supply system to stay robust.
According to Clint Bassett, Cheyenne’s water conservation
specialist, “We encourage everyone to keep conserving water”
(WaterTech E-News, 2003). Lawn watering restrictions during
one month alone—July 2002—lowered average demand to
18.1 million gallons (68.5 megaliters) per day (mgd) compared
to 34 mgd (128.7 megaliters) for the same month in the pre-
vious year—a 15.9 mgd (60.2 megaliters) savings. Further,
Cheyenne’s reservoirs were 83.5% full in the summer of 2002
compared to 63% the previous year without conservation.
Cheyenne’s conservation program results created a water
reserve or bank that enabled it to better withstand even more
severe drought conditions had they occurred.

The implementation of water efficiency options in
response to drought and long-term water shortages demon-
strates the profound role these strategies can serve in abating
projected supply shortfalls. Beyond temporary drought
responses, in some cases the water demand reductions from
multi-year conservation programs have served to minimize or
cancel major water and wastewater infrastructure expansion
plans and related long-term capital debt. For example, the
average 25% system-wide demand reductions realized by the
Massachusetts Water Resources Authority (MWRA) in the
early 1990s as a result of a comprehensive and multi-year
conservation program have been maintained for more than a
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decade, and they are projected to continue. Instrumental to
this achievement were aggressive leak repair (the city of Bos-
ton could not account for approximately 50% of its water
during some of the 1980s), innovations in industrial water
use efficiency, and the installation of water-saving toilets and
plumbing fixture retrofit devices. These conservation savings
not only transformed that system’s supply status from short-
fall to abundance, but they averted construction of a contro-
versial dam project on the Connecticut River that was
projected to incur a debt of more than $500 million (1987
dollars) to more than 2 million-plus residents and businesses
in metropolitan Boston (Amy Vickers & Associates, Inc.,
1996). Should the MWRA need to reduce demands even fur-
ther (i.e., respond to a drought, supply new users, or meet
emergency water demands), a plethora of additional water
efficiency measures can be implemented to increase water
savings beyond the 25% already realized.

Water use reductions from conservation can be especially
significant when drought response combines with multi-year
conservation programs. For example, during a drought in
2001, the city of Seattle, Washington, provided water use
curtailment messages to the public (in addition to existing
conservation measures) and had a significant impact on water
demand in 2002, yielding 1.2 mgd (4.5 megaliters) in new
long-term savings. These reductions surpassed the city’s 2002
water savings goals by 8%. Seattle’s continuing water conser-
vation program (“1% program”), which has a 1% per year
water reduction goal to lower demand 30% by 2010, has thus
far realized a 20% decline in per capita use. Seattle’s savings
are considered long term because they include hardware-
based, more permanent efficiency measures such as system
leak reduction; financial incentives for industries, commercial
establishments, and institutional users that install recircu-
lated cooling and efficient-process water systems; rebates for
the installation of low-volume (6 liters per flush) toilets; high-
efficiency clothes washers; and discounts for natural yard care
products that minimize lawn watering (Seattle Public Utili-
ties, 2003).
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Water conservation should not be just an emergency
response to drought, but a long-term approach to managing
and alleviating stresses on the world’s finite water supplies.
The significant water savings potential from large-scale con-
servation programs is increasingly recognized as an alterna-
tive to conventional (and costly) water supply development
projects, including desalination and wastewater reclamation
facilities. In a research study by the National Regulatory
Research Institute, research specialist Melissa J. Stanford
(2002) affirmed a similar view:

Distribution system improvements, leak detection and
remediation programs, water utility consolidation, whole-
sale purchasing agreements, demand management and
integrated water resources planning, requests to conserve
and water use restrictions, drought management plan-
ning and drought pricing, rate design alternatives, and
communication and education are among the ways to
bolster water supply and contend with drought. (p. 2)

In addition to the many benefits of conservation to drink-
ing water systems, the recognition of ecological limits and the
need to preserve streamflows through water efficiency and
caps on use are also being incorporated into river and water-
shed schemes. For example, water extractions from the Mur-
ray-Darling river basin in Australia, that nation’s largest and
most economically important, have been capped to avert
major damage to the river’s ecological health. Even with the
cap, the economy of that basin is projected to grow over the
next 25 years (Postel and Richter, 2003), demonstrating that
water efficiency is much more about boosting the productivity
of water than sacrifice (Postel and Vickers, 2004).

Reducing water use is an obvious, in-kind response to
drought and what nature presents: using less during times
of shortfall, enjoying more in periods of natural abundance.
“We all need to remember that water is not inexhaustible,”
remarks Bennett Raley (2004), assistant U.S. Department of
Interior secretary for water and science. “Shortages will occur
even in normal years. These shortages will threaten people,
municipalities, farms, endangered species, and the environ-
ment. Doing nothing is not an option; it’s not too early to start
doing something about it now.”
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III. CONCLUSIONS

Water conservation is a powerfully effective short-term drought
mitigation tool that is also an equally credible approach to
better managing long-term water demands. Conservation-
minded water systems have demonstrated that the efficient
management of public, industrial, and agricultural water use
during drought is critical to controlling and minimizing the
adverse effects of reduced precipitation on water supplies. If
we understand where and how much water is used and apply
appropriate efficiency practices and measures to reduce water
waste we can more easily endure—economically, environmen-
tally, and politically—drought and projected water shortages.
The lessons of effective drought management strategies—the
implementation of comprehensive conservation mea-
sures—show that conservation can also be tapped to help over-
come current and projected supply shortfalls that occur during
non-drought times as well. The implementation of water waste
reduction and efficiency measures can lessen the adverse
impacts of excessive water demands on the natural water sys-
tems (rivers, aquifers, and lakes) and the ecological resources
on which they depend. The notable demand reductions
achieved by water efficiency–minded cities and water systems
prove the significant role conservation can play in not only
coping with drought but overcoming supply limitations and
bolstering drought resistance through the preservation of
water supply capacity. Like any savvy investor, efficiency-
minded public officials and water managers who minimize their
system water losses and invest in conservation will yield a
treasure trove of “new” water to protect it from future short-
ages. Human activities play a key role in our experience of
drought. A water-rich or water-poor future will be determined
largely by our water waste and water efficiency actions now.
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I. INTRODUCTION

Water scarcity and drought are among the most serious obsta-
cles to agricultural development and a major threat to the
environment in the dry areas. Agriculture in the dry areas
accounts for more than 75% of the total consumption of water.
With rapid increases in demand, water will be increasingly
reallocated away from agriculture and the environment.

Despite scarcity, water continues to be misused. Mining
groundwater is now a common practice, risking both water
reserves and quality. Land degradation is another challenge
in the dry areas, closely associated with drought-related water
shortage. Climatic variation and change, mainly as a result
of human activities, are leading to depletion of the vegetation
cover and loss of biophysical and economic productivity. This
happens through exposure of the soil surface to wind and
water erosion and shifting sands, salinization of land, and
water logging. Although these are global problems, they are
especially severe in the dry areas.

Two major environments occupy the dry areas. The first
is the wetter rain-fed areas, where rainfall is sufficient to
support economical dry farming. However, because rainfall
amounts and distribution are suboptimal, drought periods
often occur during one or more stages of crop growth, causing
very low crop yields. Variation in rainfall amounts and dis-
tribution from one year to the next causes substantial fluctu-
ations in production. This situation creates instability and
negative socioeconomic impacts. The second environment is
the drier environment (steppe or badia), characterized by an
annual rainfall too low to support economical dry farming.
Most of the dry areas lie in this zone. Small and scattered
rainstorms in these regions fall on lands that are generally
degraded with poor vegetative cover. Rainfall, although low,
may accumulate through runoff from vast areas in a large
volume of ephemeral water and largely be lost through direct
evaporation or in salt sinks.
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With scarcity, it is essential that available water be used
at highest efficiency. Many technologies are available to
improve water productivity and management of scarce water
resources. Among the most promising technologies are (1)
supplemental irrigation (SI) for rain-fed areas and (2) rain-
water harvesting (WH) for the drier environments (Oweis and
Hachum, 2003). Improving scarce water productivity, how-
ever, requires exploiting not only water management but also
other inputs and cultural practices. This chapter addresses
the concepts and potential roles of supplemental irrigation
and water harvesting in improving water productivity and
coping with increased scarcity and drought in the dry areas.

II. SUPPLEMENTAL IRRIGATION

Precipitation in the rain-fed areas is low in amount and sub-
optimal in distribution, with great year-to-year fluctuation.
In a Mediterranean climate, rainfall occurs mainly during the
winter months. Crops must rely on stored soil moisture when
they grow rapidly in the spring. In the wet months, stored
water is ample, plants sown at the beginning of the season
are in early growth stages, and the water extraction rate from
the root zone is limited. Usually little or no moisture stress
occurs during this period (Figure 1). However, during spring,
plants grow faster, with a high evapotranspiration rate and
rapid soil moisture depletion due to higher evaporative
demand. Thus, a stage of increasing moisture stress starts in
the spring and continues until the end of the season. As a
result, rain-fed crop growth is poor and yield is low. The mean
grain yield of rain-fed wheat in the dry areas is about 1 t/ha,
far below the yield potential of wheat (more than 5–6 t/ha).

Supplemental irrigation aims to overcome the effects of
drought periods as soil moisture drops and halts crop growth
and development. Limited amounts of water, if applied during
critical times, can result in substantial increases in yield and
water productivity.

Research results from the International Center of Agri-
cultural Research in the Dry Areas (ICARDA) and other orga-
nizations, as well as harvests from farmers’ fields, have
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demonstrated substantial increases in crop yield in response
to the application of relatively small amounts of irrigation
water. Table 1 shows increases in wheat grain yields under
low, average, and high rainfall in northern Syria, with appli-
cation of limited amounts of SI. By definition, rainfall is the
major source of water for crop growth and production; thus
the amount of water added by SI cannot by itself support
economical crop production. In addition to yield increases, SI
also stabilized wheat production over years (i.e., reduced the
interannual variability of yields).

The impact of SI goes beyond yield increase to substan-
tially improving water productivity. The productivity of irri-
gation water and rainwater is improved when they are used
conjunctively (Oweis et al., 1998, 2000). Average rainwater
productivity of wheat ranges from 0.35 to 1.0 kg/m3. It was
found that 1 m3 of water applied as SI at the proper time
could produce more than 2.0 kg of wheat.

Using irrigation water conjunctively with rain was found
to produce more wheat per unit of water than if used alone in
fully irrigated areas where rainfall is negligible. In fully irri-
gated areas, water productivity for wheat ranges from 0.5 to

Figure 1 Typical soil moisture pattern over the growing season
of a Mediterranean-type wheat. (From Oweis, 1997.) 
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about 0.75 kg/m3, one-third of that achieved with SI. This dif-
ference suggests that allocation of limited water resources
should be shifted to more efficient practices (Oweis, 1997). Food
legumes, which are important for providing low-cost protein for
people of low income and for improving soil fertility, have shown
similar responses to SI in terms of yield and water productivity.

In the highlands of the temperate dry areas in the North-
ern Hemisphere, frost occurs between December and March.
Field crops go into dormancy during this period. In most
years, the first rainfall sufficient to germinate seeds comes
late, resulting in a poor crop stand when the crop goes into
dormancy. Rain-fed yields can be significantly increased if the
crop achieves good early growth before dormancy. This can be
achieved by early sowing with application of a small amount
of SI. A 4-year trial, conducted at the central Anatolia plateau
of Turkey, showed that applying 50 mm of SI to wheat sown
early increased grain yield by more than 60%, adding more
than 2 t/ha to the average rain-fed yield of 3.2 t/ha (ICARDA,
2003). Water productivity reached 5.25 kg grain/m3 of con-
sumed water, with an average of 4.4 kg/m3. These are extraor-
dinary values for water productivity with regard to the
irrigation of wheat.

A. Optimization of Supplemental Irrigation 

Optimal SI in rain-fed areas is based on the following three
criteria: (1) water is applied to a rain-fed crop that would
normally produce some yield without irrigation; (2) because
rainfall is the principal source of water for rain-fed crops, SI
is applied only when rainfall fails to provide essential mois-
ture for improved and stable production; and (3) the amount
and timing of SI are scheduled not to provide moisture
stress–free conditions throughout the growing season, but to
ensure a minimum amount of water available during the
critical stages of crop growth that would permit optimal
instead of maximum yield (Oweis, 1997).

1. Deficit Supplemental Irrigation

Deficit irrigation is a strategy for optimizing production.
Crops are deliberately allowed to sustain some degree of
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water deficit and yield reduction (English and Raja, 1996).
The adoption of deficit irrigation implies appropriate know-
ledge of crop water use and responses to water deficits,
including the identification of critical crop growth periods,
and of the economic impacts of yield reduction strategies. In
a Mediterranean climate, rainwater productivity increased
from 0.84 to 1.53 kg grain/m3 of irrigation water when only
one-third of the full crop water requirement was applied
(Figure 2). It further increased to 2.14 kg/m3 when two-
thirds of the requirement was applied, compared to 1.06
kg/m3 at full irrigation. The results show greater water pro-
ductivity at deficit than at full irrigation. Water productivity
is a suitable indicator of the performance of irrigation mana-
gement under deficit irrigation of cereals (Zhang and Oweis,
1999), in analyzing the water saving in irrigation systems
and management practices, and in comparing different irri-
gation systems.

There are several ways to manage deficit irrigation. The
irrigator can reduce the irrigation depth, refilling only part
of the root zone soil water capacity, or reduce the irrigation
frequency by increasing the interval between successive irri-

Figure 2 Water productivity of wheat under rain fed, deficit, and
full SI conditions. (Adapted from Oweis, 1997.)
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gations. In surface irrigation, wetting furrows alternately or
placing them farther apart is one way to implement deficit
irrigation. However, not all crops respond positively to deficit
irrigation. This should be examined for local conditions and
under different levels of water application and quality.

2. Maximizing Net Profits

An increase in crop production per unit of land or per unit of
water does not necessarily increase farm profit because of the
nonlinearity of crop yield with production inputs. Determin-
ing rain-fed and SI production functions is the basis for opti-
mal economic analysis. SI production functions for wheat
(Figure 4) may be developed for each rainfall zone by sub-
tracting rainwater production function from total water pro-
duction function. Because the rainfall amount cannot be
controlled, the objective is to determine the optimal amount
of SI that results in maximum net benefit to the farmers.
Knowing the cost of irrigation water and the expected price
per unit of the product, we can see that maximum profit occurs
when the marginal product for water equals the price ratio
of the water to the product. Figure 5 shows the amount of SI
to be applied under different rainfall zones and various price
ratios to maximize net profit of wheat production under SI in
a Mediterranean climate.

3. Cropping Patterns and Cultural Practices

Among the management factors for more productive farming
systems are the use of suitable crop varieties, improved crop
rotation, sowing dates, crop density, soil fertility manage-
ment, weed control, pest and disease control, and water con-
servation measures. SI requires crop varieties adapted to or
suitable for varying amounts of water application. An appro-
priate variety manifests a strong response to limited water
application and maintains some degree of drought tolerance.
In addition, the varieties should respond to higher fertiliza-
tion rates than are generally required under SI.

Given the inherent low fertility of many dry-area soils,
judicious use of fertilizer is particularly important. In north-
ern Syria, 50 kg N per hectare is sufficient under rainfed



The Role of Water Harvesting and Supplemental Irrigation 199

conditions. However, with water applied by SI, the crop
responds to nitrogen up to 100 kg/ha, after which no further
benefit is obtained. This rate of nitrogen uptake greatly
improves water productivity. There must also be adequate
available phosphorus in the soil so that response to nitrogen
and applied irrigation is not constrained.

To obtain the optimum output of crop production per unit
input of water, the mono-crop water productivity should be
extended to a multi-crop water productivity. Water productiv-
ity of a multi-crop system is usually expressed in economic
terms such as farm profit or revenue per unit of water used.
Although economic considerations are important, they are not
adequate as indicators of sustainability, environmental deg-
radation, and natural resource conservation.

B. Water vs. Land Productivity

Land productivity (yield) and water productivity (WP) are
indicators for assessing the performance of supplemental irri-
gation. Higher water productivity is linked with higher yields.
This parallel increase in yields and water productivity, how-
ever, does not continue linearly. At some high level of yield,
greater amounts of irrigation water are required to achieve
additional incremental yield increase. Water productivity of
wheat (Figure 3) starts to decline as yield per unit of land
increases above certain levels. 

It is clear that the amount of water required to achieve
yield increases above 5 t/ha is much higher than that needed
at lower yield levels. It would be more efficient to produce
only 5 t/ha with lower water application than to achieve max-
imum yield with application of excessive amounts of water.
The saved water would be used more efficiently if applied to
new lands. This, of course, applies only when water, not land,
is the limiting resource and without sufficient water to irri-
gate all the available land.

The association of high water productivity values with
high yields has important implications for crop management
in achieving efficient use of water resources in water-scarce
areas (Oweis et al., 1998). Attaining higher yields with
increased water productivity is economical only when the
increased gains in crop yield are not offset by increased costs
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of other inputs. The curvilinear WP–yield relationship reflects
the importance of attaining relatively high yields for efficient
use of water. Policies for maximizing yield should be consid-
ered carefully before they are applied under water-scarce con-
ditions. Guidelines for recommending irrigation schedules
under normal water availability may need to be revised when
applied in water-scarce areas.

III. WATER HARVESTING

A. The Concept and Components of the System

The drier environments, “the steppe,” or, as they are called in
the Arab world, Al Badia, occupy the vast majority of the dry

Figure 3 Relationship between crop water productivity and crop
grain yield for durum wheat under SI in Syria. (From Zhang and
Oweis, 1999.)
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areas. The disadvantaged people, who depend mainly on live-
stock grazing, generally live there. The natural resources of
these areas are fragile and subject to degradation. Because
of harsh natural conditions and the occurrence of drought,
people increasingly migrate from these areas to the urban
areas, with the associated high social and environmental
costs.

Precipitation in the drier environments is generally low
relative to crop requirements. It is unfavorably distributed
over the crop-growing season and often comes with high inten-
sity. It usually falls in sporadic, unpredictable storms and is
mostly lost to evaporation and runoff, leaving frequent dry
periods. Part of the rain returns to the atmosphere directly
from the soil surface by evaporation after it falls, and part
flows as surface runoff, usually joining streams and flowing
to “salt sinks,” where it loses quality and evaporates. A small
portion of the rain joins groundwater. The overall result is
that most of the rainwater in the drier environments is lost,
with no benefits or productivity. As a result, rainfall in this
environment cannot support economical dry farming like that
in rain-fed areas (Oweis et al., 2001).

Figure 4 SI production functions for wheat in different rainfall
zones in Syria. (Adapted from Oweis, 1997.)
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Water harvesting can improve the situation and substan-
tially increase the portion of beneficial rainfall. In agriculture,
water harvesting is based on depriving part of the land of its
share of rainwater to add to the share of another part. This
brings the amount of water available to the target area closer
to the crop water requirements so that economical agricul-
tural production can be achieved. Water harvesting may be
defined as “the process of concentrating precipitation through
runoff and storing it for beneficial use.”

Water harvesting is an ancient practice supported by a
wealth of indigenous knowledge. Indigenous systems such as
jessour and meskat in Tunisia; tabia in Libya; cisterns in north
Egypt; hafaer in Jordan, Syria, and Sudan; and many other
techniques are still in use (Oweis et al., 2004). Water harvest-

Figure 5 Optimal economical annual SI amount (m3/ha) in
different rainfall zones in Syria. (Adapted from Oweis, 1997.)
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ing may be developed to provide water for human and animal
consumption, domestic and environmental purposes, and
plant production. Water harvesting systems have three com-
ponents:

1. The catchment area is the part of the land that con-
tributes some or all of its share of rainwater to
another area outside its boundaries. The catchment
area can be as small as a few square meters or as
large as several square kilometers. It can be agricul-
tural, rocky, or marginal land, or even a rooftop or a
paved road.

2. The storage facility is a place where runoff water is
held from the time it is collected until it is used.
Storage can be in surface reservoirs, in subsurface
reservoirs such as cisterns, in the soil profile as soil
moisture, or in groundwater aquifers.

3. The target area is where the harvested water is used.
In agricultural production, the target is the plant or
animal, whereas in domestic use, it is the human
being or the enterprise and its needs.

B. Water Harvesting Techniques

Water harvesting techniques may be classified into two major
types, based on the size of the catchment (Figure 6): micro-
catchment systems and macro-catchment systems (Oweis et
al., 2001).

1. Micro-Catchment Systems

Surface runoff in micro-catchment systems is collected from
small catchments (usually less than 1000 m2) and applied to
an adjacent agricultural area, where it is stored in the root
zone and used directly by plants. The target area may be
planted with trees, bushes, or annual crops. The farmer has
control, within the farm, over both the catchments and the
target areas. All the components of the system are constructed
inside the farm boundaries, which provides a maintenance
and management advantage. But because of the loss of pro-
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ductive land it is practiced only in the drier environments,
where cropping is so risky that farmers are willing to allocate
part of their farm to be used as a catchment. They are simple
in design and may be constructed at low cost. Therefore, they
are easy to replicate and adapt. They have higher runoff
efficiency than the macro-catchment systems and usually do
not need a water conveyance system. Soil erosion may be
controlled and sediment directed to settle in the cultivated
area. These systems generally require continuous mainte-
nance, with relatively high labor input. The most important
micro-catchment water harvesting systems in the dry areas
are described below.

a. Contour Ridges

Contour ridges consist of bunds, or ridges, constructed along
the contour line at an interval of, usually, between 5 and 20
m. A 1- to 2-m strip upstream of the ridge is for cultivation,

Figure 6 Classification of major rainwater harvesting systems in
the dry areas. (From Oweis et al., 2001.)
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and the rest constitutes the catchment. The height of the
ridges varies according to the slope and the expected depth
of the runoff water retained behind it. The bunds may be
reinforced by stones when necessary. This is a simple tech-
nique, which can be implemented by the farmers themselves.
Bunds can be formed manually, with animal-driven equip-
ment, or by tractors fitted with suitable implements. Ridges
may be constructed on a wide range of slopes, from 1 to 50%.

Contour ridges are important for supporting the regen-
eration and new plantations of forage, grasses, and hardy
trees on mild to steep slopes in the steppe (badia). In the
semiarid tropics, they are used for the arable cropping of
sorghum, millet, cowpeas, and beans. This system is some-
times combined with other techniques (such as the zay sys-
tem) or with in situ water conservation techniques (such as
the tied-ridge system) in the semiarid tropics.

b. Semicircular and Trapezoidal Bunds

Semicircular and trapezoidal bunds are earthen bunds created
with spacing sufficient to provide the required runoff water for
the plants. Usually, they are built in staggered rows. The tech-
nique can be used on an even, flat slope, but also on slopes up
to 15%. The technique is used mainly for rangeland rehabili-
tation or fodder production, but can also be used for growing
trees, shrubs, and, in some cases, field crops and vegetables.

c. Small Pits

The most famous pitting system is the zay system used in
Burkina Faso. This form of pitting consists of digging holes
5–15 cm deep. Manure and grasses are mixed with some of
the soil and put into the zay. The rest of the soil is used to
form a small dike, down slope of the pit. Pits are used in
combination with bunds to conserve runoff, which is slowed
by the bunds. Pits are excellent for rehabilitating degraded
agricultural lands. However, labor requirements for digging
the zay are high and may constitute a large financial invest-
ment, year after year. This is because the pits have to be
restored after each tillage operation. A special disk plow may
be adjusted to create small pits for range rehabilitation.
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d. Small Runoff Basins

Sometimes called Negarim, these runoff basins are small and
of a rectangular or elongated diamond shape; they are sur-
rounded by low earth bunds. Negarim work best on smooth
ground, and their optimal dimensions are 5−10 m wide by
10−25 m long. They can be constructed on almost any slope,
including very gentle ones (1–2% slopes), but on slopes above
5%, soil erosion may occur, and the bund height should be
increased. They are most suitable for growing tree crops like
pistachios, apricots, olives, almonds, and pomegranates, but
they may be used for other crops. When used to grow trees,
the soil should be deep enough to hold sufficient water for the
entire dry season.

e. Runoff Strips

This technique is applied on gentle slopes and is used to
support field crops in drier environments (such as barley in
the badia), where production is usually risky or has a low
yield. In this technique, the farm is divided into strips follow-
ing contour lines. One strip is used as a catchment and the
strip downstream is cropped. The cropped strip should not be
too wide (1–3 m), and the catchment width should be deter-
mined with a view to providing the required runoff water to
the cropped area. The same cropped strips are cultivated
every year. Clearing and compaction may be implemented to
improve runoff.

f. Contour Bench Terraces

Contour bench terraces are constructed on very steep sloping
lands and combine soil-and-water conservation and water
harvesting techniques. Cropping terraces are usually built to
be level. Supported by stone walls, they slow water and control
erosion. Steeper, noncropped areas between the terraces sup-
ply additional runoff water. The terraces contain drains to
safely release excess water. They are used to grow trees and
bushes but are rarely used for field crops. Some examples of
this technique can be seen in the historic bench terraces in
Yemen. Because they are constructed in steep mountain
areas, most of the work is done by hand.
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g. Rooftop Systems

Rooftop and courtyard systems collect and store rainwater
from the surfaces of houses, large buildings, greenhouses,
courtyards, and similar impermeable surfaces. Farmers usu-
ally avoid storing the runoff provided by the first rains to
ensure cleaner water for drinking. If water is collected from
soil surfaces, the runoff has to pass through a settling basin
before it is stored.

The water collected is used mainly for drinking and other
domestic purposes, especially in rural areas where there is
no tap water. Extra water may be used to support domestic
gardens. It provides a low-cost water supply for humans and
animals in remote areas.

2. Macro-Catchment Systems

Macro-catchment systems collect runoff water from relatively
large catchments, such as natural rangeland or a mountain-
ous area, mostly outside farm boundaries, where individual
farmers have little or no control. Water flows in temporary
(ephemeral) streams called wadi and is stored in surface or
subsurface reservoirs, but it can also be stored in the soil
profile for direct use by crops. Sometimes water is stored in
aquifers as a recharge system. Generally, runoff capture, per
unit area of catchment, is much lower than for micro-catch-
ments, ranging from a few percent to 50% of annual rainfall.

One of the most important problems associated with
these systems involves water rights and the distribution of
water, both between the catchment and cultivated areas and
between various users in the upstream and downstream areas
of the watershed. An integrated watershed development
approach may overcome this problem. The most common
macro-catchment systems are discussed below.

a. Small Farm Reservoirs

Farmers who have a wadi passing through their lands can
build a small dam to store runoff water. The water can sub-
sequently be used to irrigate crops or for domestic and animal
consumption. These reservoirs are usually small, but may
range in capacity from 1,000 to 500,000 m3. The most impor-
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tant aspect of this system is the provision of a spillway with
sufficient capacity to allow for the excessive peak flows. Most
of the small farm reservoirs built by farmers in the rangelands
(badia) have been washed away because they lacked spillway
facilities or because their spillway capacity was insufficient.
Small farm reservoirs are very effective in the badia environ-
ment. They can supply water to all crops, thus improving and
stabilizing production. Moreover, the benefits to the environ-
ment are substantial.

b. Wadi-Bed Cultivation

Cultivation is very common in wadi beds with slight slopes.
Because of slow water velocity, eroded sediment usually set-
tles in the wadi bed and creates good agricultural lands. This
may occur naturally or result from the construction of a small
dam or dyke across the wadi. This technique is commonly
used with fruit trees and other high-value crops. It can also
be helpful for improving rangelands on marginal soils. The
main problems associated with this type of water harvesting
system are the costs and the maintenance of the walls.

c. Jessour

Jessour is an Arabic term given to a widespread indigenous
system in southern Tunisia. Cross-wadi walls are made of
either earth or stones, or both, and always have a spill-
way—usually made of stone. Over a period of years, while
water is stopped behind these walls, sediment settles and
accumulates, creating new land that is planted with figs and
olives, but which may also be used for other crops. Usually, a
series of Jessour are placed along the wadi, which originates
from a mountainous catchment. These systems require main-
tenance to keep them in good repair. Because the importance
of these systems for food production has declined recently,
maintenance has also been reduced and many systems are
losing their ability to function.

d. Water-Spreading Systems

The water-spreading technique is also called floodwater diver-
sion. It entails forcing part of the wadi flow to leave its natural
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course and go to nearby areas, where it is applied to support
crops. This water is stored solely in the root zone of the crops
to supplement rainfall. The water is usually diverted by build-
ing a structure across a stream to raise the water level above
the areas to be irrigated. Water can then be directed by a
levee to spread to farms at one or both sides of the wadi.

e. Large Bunds

Also called tabia, the large bund system consists of large,
semicircular, trapezoidal or open V-shaped earthen bunds
with a length of 10 to 100 meters and a height of one to two
meters. These structures are often aligned in long staggered
rows facing up the slope. The distance between adjacent bunds
on the contour is usually half the length of each bund. Large
bunds are usually constructed using machinery. They support
trees, shrubs, and annual crops but also support sorghum and
millet in sub-Saharan Africa.

f. Tanks and Hafaer

Tanks and hafaer usually consist of earthen reservoirs, dug
into the ground in gently sloping areas that receive runoff
water either as a result of diversion from wadi or from a large
catchment area. The so-called “Roman ponds” are indigenous
tanks usually built with stonewalls. The capacity of these
ponds ranges from a few thousand cubic meters in the case
of the hafaer to tens of thousands of cubic meters in the case
of tanks. Tanks are very common in India, where they support
more than 3 million hectare of cultivated lands. Hafaer are
mostly used to store water for human and animal consump-
tion. They are common in West Asia and North Africa.

g. Cisterns

Cisterns are indigenous subsurface reservoirs with a capacity
ranging from 10 to 500 m3. They are basically used for human
and animal water consumption. In many areas they are dug
into the rock and have a small capacity. In northwest Egypt,
farmers dig large cisterns (200–300 m3) in earth deposits,
underneath a layer of solid rock. The rock layer forms the
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ceiling of the cistern, whereas the walls are covered by imper-
meable plaster materials. Modern concrete cisterns are being
constructed in areas where a rocky layer does not exist. In
this system, runoff water is collected from an adjacent catch-
ment or is channeled in from a more remote one. The first
rainwater runoff of the season is usually diverted from the
cistern to reduce pollution. Settling basins are sometimes
constructed to reduce the amount of sediment. A bucket and
rope are used to draw water from the cistern.

Cisterns remain the only source of drinking water for
humans and animals in many dry areas, and the role they
play in maintaining rural populations in these areas is vital.
In addition to their more usual domestic purposes, cisterns
are now also used to support domestic gardens. The problems
associated with this system include the cost of construction,
the cistern’s limited capacity, and influx of sediment and pol-
lutants from the catchment.

h. Hillside-Runoff Systems

In Pakistan, this technique is also called sylaba or sailaba.
Runoff water flowing downhill is directed, before joining wadi
by small conduits, to flat fields at the foot of the hill. Fields
are leveled and surrounded by levees. A spillway is used to
drain excess water from one field to another farther downst-
ream. When all the fields in a series are filled, water is allowed
to flow into the wadi. When several feeder canals are to be
constructed, distribution basins are useful. This is an ideal
system with which to utilize runoff from bare or sparsely
vegetated hilly or mountainous areas.

C. Water Harvesting for Supplemental Irrigation

Where groundwater or surface water is not available for sup-
plemental irrigation, water harvesting can be used to provide
the required amounts during the rain season. The system
includes surface or subsurface storage facilities ranging from
an on-farm pond or tank to a small dam constructed across
the flow of a wadi with an ephemeral stream. It is highly
recommended when inter-seasonal rainfall distribution
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and/or variability are so high that crop water requirements
cannot be reasonably met. In this case, the collected runoff is
stored for later use as supplemental irrigation (Oweis et al.,
1999). Important factors include storage capacity, location,
and safety of storage structures. Two major problems associ-
ated with storing water for agriculture are evaporation and
seepage losses. Following are management options proven to
be feasible in this regard (Oweis and Taimeh, 2001):

1. Harvested water should be transferred from the res-
ervoir to be stored in the soil as soon as possible after
collection. Storing water in the soil profile for direct
use by crops in the cooler season saves substantial
evaporation losses that normally occur during the
high evaporative demand period. Extending the use
of the collected water to the hot season reduces its
productivity because of higher evaporation and seep-
age losses.

2. Emptying the reservoir early in the winter provides
more capacity for following runoff events. Large areas
can be cultivated with reasonable risk.

3. Spillways with sufficient capacity are vital for small
earth dams constructed across the stream.

IV. CONCLUSIONS

In the dry areas, where water is most scarce, land is fragile
and drought can inflict severe hardship on already poor pop-
ulations. Using water most efficiently can help alleviate the
problems of water scarcity and drought. Among the numerous
techniques for improving water use efficiency, the most effec-
tive are supplemental irrigation and water harvesting.

Supplemental irrigation has great potential for increas-
ing water productivity in rain fed areas. Furthermore, it can
be a basis for water management strategies to alleviate the
effects of drought. Reallocating water resources to rainfed
crops during drought can save crops and reduce negative
economic consequences in rural areas. However, to maximize
the benefits of SI, other inputs and cultural practices must
also be optimized. Limitations to implementing supplemental
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irrigation include availability of irrigation water, cost of con-
veyance and application, and lack of simple means of water
scheduling. In many places, high profits have encouraged
farmers to deplete groundwater aquifers. Appropriate policies
and institutions are needed for optimal use of this practice.

Water harvesting is one of the few options available for
economic agricultural development and environmental pro-
tection in the drier environments. Furthermore, it effectively
combats desertification and enhances the resilience of the
communities and ecosystem under drought. Success stories
are numerous and technical solutions are available for most
situations. The fact that farmers have not widely adopted
water harvesting has been attributed to socioeconomic and
policy factors, but the main reason has been lack of commu-
nity participation in developing and implementing improved
technologies. Property and water rights are not favorable to
development of water harvesting in most of the dry areas.
New policies and institutions are required to overcome this
problem. It is vital that concerned communities be involved
in development from the planning to the implementation
phases. Applying the integrated natural resource manage-
ment approach helps integrate various aspects and avoid the
conflicts of water harvesting and supplemental irrigation.
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I. INTRODUCTION

One of the principal concerns about anthropogenic climate
change is a possible alteration of the hydrologic cycle, includ-
ing an increased frequency or magnitude of droughts. The
underlying assumption is that a diminished water supply will
cause social, economic, and ecological hardships. This assump-
tion makes sense for many places in the world, such as south-
ern Africa, where water supply plays a crucial and obvious
role in determining social welfare. In these places, drought is
legitimately considered a top national planning priority. Yet
for other places, such as the United States, droughts’ contri-
bution to large-scale hardships is less obvious relative to other
environmental hazards. For example, in the arid city of Phoe-
nix, Arizona, the 2002 drought was expected to require only
a modest 5% reduction in water consumption—hardly a mem-
orable society-wide impact (The Economist, 2003). In the
United States, droughts have been termed (Wilhite, 2001), in
reference to the famous U.S. comedian, the “Rodney Danger-
field” of environmental hazards: they get no respect! As a
result, in the United States at least, drought planning largely
favors response over preparedness measures, and plans are
relatively uncoordinated (National Drought Policy Commis-
sion, 2000).

This state of affairs is puzzling given that droughts exact
a larger financial toll than any other natural hazard nation-
wide (Wilhite and Wood, 2001). A partial explanation may be
found in the success of recent social adaptations to the most
pernicious effects of droughts, such as famine and economic
collapse. For the better part of the 20th century, the United
States has implemented a sustained research and develop-
ment program designed to apply science and technology (S&T)
to drought-sensitive sectors of society. As a result, the dra-
matic negative impacts experienced during the “Dust Bowl”
(the 1930s) have not been repeated in subsequent droughts.
No one disputes the progress made in terms of lives lost and
other severe impacts from drought. Yet the other damages
associated with drought continue to mount, as population
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grows and farming continues to expand in drought-prone
areas.

This qualified success story of social adaptations to the
effects of drought, in the United States as elsewhere, suggests
the following research question:

Do past successes of adaptation to drought suggest that
S&T will rise to future challenges posed by a greenhouse-
induced increase in drought severity, not only in places
where drought is a central planning focus, but also in
places where drought receives less coordinated planning
attention?

The objective of this chapter is to outline an answer to
this question by linking two emerging literatures: the analysis
of social vulnerability to the effects of global change (e.g.,
Kelly and Adger, 2000; Polsky et al., 2003; Turner et al., 2003
and Schröter et al. 2005) and the role of science and technol-
ogy institutions in natural resource management (e.g., Cash
et al., 2003; Kates et al., 2001; World Bank, 1999). In Sections
II and III, we introduce, respectively, the concept of global
change vulnerability and associated assessments, and the
notion of institutions as cause and consequence of (and solu-
tion to) the effects of global change. In Section IV, the general
conceptual discussions are linked to the specific case of
drought, using past research on the U.S. Great Plains as a
motivating example. In Section V, we outline four character-
istics of institutions that improve the chances of successful
reductions in vulnerability. We conclude with suggestions on
future research directions.

II. GLOBAL CHANGE VULNERABILITY AND 
VULNERABILITY ASSESSMENTS

The objective of global change vulnerability assessments is to
prepare specific communities of stakeholders to respond to
the effects of global change (Schröter et al., 2005). There is a
growing call to favor “vulnerability” assessments over the
more familiar “impacts” approach to research on the human
dimensions of global environmental change (e.g., Downing,
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2000; Kelly and Adger, 2000; Liverman, 2001; McCarthy et
al., 2001; National Research Council, 1999; Parry, 2001;
Turner et al., 2003). In this literature, vulnerability is gener-
ally defined as a function of exposure to stresses, associated
sensitivities, and relevant adaptive capacities. Thus to be
vulnerable to the effects of stresses associated with global
change, human–environment systems must be not only
exposed and sensitive to the changes but also unable to cope.
Conversely, systems are (relatively) sustainable if they pos-
sess strong adaptive capacity (Finan et al., 2002). In the
former case, some form of anticipatory action would be justi-
fiable to mitigate the ecological, social, and economic damages
anticipated from global change, whereas in the latter case
there would be less reason for concern and action. Vulnera-
bility assessments are therefore a necessary part of sustain-
ability science, or basic research intended to protect social
and ecological resources for present and future generations
(Clark and Dickson, 2003; Kates et al., 2001).

The common distinction between the vulnerability and
impacts perspectives is that the former emphasizes the factors
that constrain or enable coupled human–environment sys-
tems to adapt to stress, whereas the latter focuses more on
system sensitivities and stops short of specifying whether a
given combination of stress and sensitivity will result in an
effective adaptation. In fact, this distinction applies more to
the empirical studies of climate change impacts than to the
conceptual underpinnings. Adaptation has been at the heart
of the debate on reducing vulnerability to environmental
stresses for a long time (Turner et al., 2003). Even the early
models from the climate change impacts canon (e.g., Kates,
1985) do not exclude the process of adaptation, and the same
applies to the broader, related literatures on risk and hazards
(e.g., Burton et al., 1978; Cutter, 1996; Kasperson et al., 1988)
and food security (e.g., Böhle et al., 1994; Downing, 1991).
Thus the recent explosion of interest in “global change vul-
nerability” is not so much the result of a revolution in
ideas—although theories are developing (e.g., Adger and
Kelly, 1999)—but a response to a general dissatisfaction with
the ways in which adaptive capacity has been captured in
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empirical research and the associated need to reconnect with
this concept if global change models are to improve.

Polsky et al. (2003) suggest that successful empirical
research on global change vulnerability should satisfy the
following five (overlapping) criteria: (1) exhibit a place-based
focus; (2) devote equal energy to exploring future trends and
historical events; (3) treat stresses as multiple and interact-
ing instead of unique or multiple and independent; (4) include
not only natural and social science but also local (“indigenous”
or “user-specific”) knowledge; and (5) examine how adaptive
capacity varies both within and between populations. This
last criterion is especially important for defining vulnerability
in the case of drought. In the United States at least, institu-
tions that regulate on the one hand and design and dissemi-
nate new technologies on the other hand are the principal
pathways for drought response, in anticipatory and reactive
modes. To be sure, individual people do actively participate
in drought mitigation activities, but the most important cur-
rent set of options for adaptations to the effects of droughts,
we argue, is associated with institutions (detailed in Sections
III and IV).

It is difficult to specify quantitative models of how insti-
tutions enhance or reduce adaptive capacity. This difficulty is
important in the climate change context because quantitative
models, for better or worse, have occupied center stage in the
debate on possible impacts from climate change and associ-
ated policy responses. The majority of these models are
grounded in neoclassical economic theory, where the role of
institutions in mediating impacts is largely if not entirely
discounted. In these cases an individualistic perspective pre-
sumes that all people (modeled agents) are “economically
rational.” These modeled agents will implement any and all
necessary adaptations to the effects of climate change “per-
fectly” (i.e., instantaneously and at greatest individual profit).
In this way the role of institutions in influencing social
response is implicitly assumed to be trivial, or, if significant,
then of equal importance everywhere and always and as such
not worthy of specifying in a model.
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The canonical example of this approach is Mendelsohn et
al.’s (1994) influential Ricardian analysis of climate change
impacts in U.S. agriculture. This approach uses a regression
model to evaluate the importance of climate in the determina-
tion of agricultural land values (in the contiguous United
States) relative to other important factors such as population
density and soil quality. The possible economic impacts of cli-
mate change are projected by multiplying the statistical rela-
tionships between historical climate and land values by a
hypothetical climate change. Not surprisingly, the projected
economic impacts based on the “perfect” adaptive capacity
described above, defined in strict profit terms, are lower than
in studies that do not allow the modeled agents to respond at
all (i.e., where adaptive capacity is assumed a priori to be null).

Of course, if it is unrealistic to assume that agents pos-
sess no adaptive capacity, then it is equally unrealistic to
assume that they possess perfect adaptive capacity. For exam-
ple, the decisive factor behind a farmer’s choice to prepare for
drought through summer fallowing or portfolio diversification
may hinge on the advice of an agricultural extension
agent—who may or may not have the farmer’s profit maximi-
zation as the number one priority (Riebsame, 1983). Thus, in
principle, greater realism can be achieved by incorporating in
the models some of the missing institutional landscape (Hane-
mann, 2000). Institutional influences should be particularly
important in regions where climate change results in a
strengthened drought regime.

Polsky (2004) modified the basic Ricardian framework to
explore how institutions modulate agricultural climate sensi-
tivities. In this analysis of agricultural land values in the U.S.
Great Plains, statistical relationships are estimated at mul-
tiple spatial scales simultaneously: for the region as a whole
(n = 446 counties); for the meso-scale (two subregions defined
by the boundaries of the Ogallala Aquifer: n1 = 209, n2 = 237);
and for the micro-scale (many sets of small numbers of coun-
ties; n ≈ 7 on average). For each of the 6 years analyzed, the
regression model fit better for the subregion defined by the
boundaries of the Ogallala Aquifer than for the rest of the
Great Plains. These differences in model fit were modest in
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1969, dramatic in 1974, 1978, and 1982, and intermediate in
1987 and 1992, and they suggest that unspecified factors are
responsible for buffering fluctuations in land values in the
Ogallala relative to the rest of the Great Plains. The Ogallala
is characterized by strong S&T and natural resource manage-
ment institutions developed in response to the challenge of
drought and the opportunity of irrigation. Thus an emerging
hypothesis is that differences in the form and function of these
institutions between the two subregions explain differences
in the climate sensitivities of the two subregions (see also
Emel and Roberts, 1988). Clearly, testing this hypothesis
requires an in-depth study of the ways in which such institu-
tions produce and disseminate knowledge.

III. INSTITUTIONS AND 
GLOBAL–REGIONAL–LOCAL 
ENVIRONMENTAL CHANGE

As discussed in the introduction, many adaptations have been
implemented in U.S. water management in recent decades,
but the development of institutions that conduct research,
assessment, and technology development may be among the
most influential. These developments have been neither
unqualified successes nor unmitigated disasters. Instead, the
results have been mixed. Thus what we need to identify and
reduce social vulnerability to the effects of drought is a sys-
tematic understanding of which institutional designs lead to
effective water management in the face of stress, whether in
the form of anticipatory mitigation actions, post hoc reactions,
or both (Cash et al., 2003).

A rich literature exists on the role of institutions in
modulating human behavior in general. And there is a smaller
but growing literature on the specific topics of how institu-
tions link (a) science and technology to natural resource and
environmental management and (b) actors across levels of
organization. From markets, to international treaties, to
norms and procedures of peer review, institutions have been
instrumental in helping societies organize collective and indi-
vidual action. As formal and informal systems of rules and
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decision-making procedures that guide social practices, and
institutions have played important roles in international envi-
ronmental governance, national efforts to address issues such
as drought, and local management efforts (Keohane and Levy,
1996; Keohane et al., 1994; Young, 1999). But how do insti-
tutions relate to S&T production and use, and how, for issues
such as drought management, do institutions influence multi-
level dynamics?

Knowledge in general, and the productions and use of
S&T information in particular, have become increasingly
important forces shaping the course of international through
local affairs (Clark et al., in review; Keohane and Nye, 1989;
Sachs, 2001; World Bank, 1999). Technical information, in the
form of factual knowledge about the state of the world and
causal theories about how it works, is increasingly called on
to guide tasks ranging from verifying nuclear testing treaties,
to planning structural adjustment policies for struggling econ-
omies, to managing underground aquifers. A belief in the
potential power of information has led to calls for improved
transparency of information flows (Mitchell and Bernauer,
1998).

But the vague recognition that information matters has
not led to agreement on when, how, and under what conditions
it influences the behavior of policy actors. Despite the vast
and growing array of institutions involved in collecting, ana-
lyzing, and disseminating information potentially relevant to
global through local governance, our understanding of the role
that these “information institutions” play remains limited
(Keohane and Nye, 1989; Nye and Donahue, 2000). Despite
this limitation, some notions are emerging. The influence of
information depends on the form of institutions, their degree
of formalization, and the pathways by which they process
information. Some influence the production of scientific
knowledge directly through norms and procedures regarding
setting research priorities, targeting resources, conducting
experiments, ensuring quality control (e.g., through peer
review), and disseminating results. Others guide the prepa-
ration and dissemination of scientific information to a range
of audiences, from the international consortium of weather
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services to international environmental data collection collab-
orations. Other institutions create the norms and procedures
of science advising, technology assessment, and formal scien-
tific assessments. They produce public information for an
audience that includes managers and decision makers
engaged in behaviors and in promulgating policies directly
involved in transboundary environmental issues.

In a recently concluded 5-year research effort, the Global
Environmental Assessment Project focused on this third type
of information institutions, drawing conclusions from more
than 40 case studies on assessment efforts addressing climate
change, biodiversity loss, ozone depletion, water management,
and transboundary air pollution (Clark et al.). The research
suggests four basic ideas:

1. Institutions that support scientific assessments can
influence policy, but influential assessments are the
exception rather than the rule. Even influential
assessments rarely affect policy choice directly, but
rather exert substantial indirect influence on long-
term issue development, such as who participates,
what policy goals are emphasized, and what gets
public attention.

2. The most influential assessments are those that are
simultaneously perceived by a broad array of actors
to possess saliency, credibility, and legitimacy.

3. Institutions shape the influence of assessments in
large part by shaping the tradeoffs among saliency,
credibility, and legitimacy and providing the context
within which those tradeoffs can be balanced by
assessment designers.

4. Effective information institutions play boundary-
crossing functions, consciously connecting science
and policy arenas.

Points 2–4 are addressed in greater detail in Section V.
In addition to this literature on institutions, a more

developed suite of literatures germane to this chapter is that
of multi-level dynamics in management. Well-developed the-
ories on the challenge of governance in a multi-level world
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have emerged in such fields as hierarchy theory (Levin, 1997;
O’Neill, 1988; Simon, 1962), human geography (Easterling
and Polsky, forthcoming), adaptive management (Gunderson
et al., 1995; Holling, 1978), and environmental federalism
(Esty, 1996; Kincaid, 1996). The research in three other fields
is particularly important for our purposes.

First, an explicit component of institutional analysis in
the common pool resources (CPR) literature identifies that
what happens at one scale can provide institutional constraints
or opportunities at other scales: “[A]ppropriation, provision,
monitoring, enforcement, conflict resolution, and governance
activities are organized in multiple layers of nested
enterprises. … Establishing rules at one level, without rules at
the other levels, will produce an incomplete system that may
not endure over the long run” (Ostrom, 1990, p. 101–102).

While addressing the multi-level nature of commons
problems, however, this line of research often casts the prob-
lem in terms of a simple dichotomous decision choice between
centralized (higher level) control and autonomous or local
control (Adams, 1990; Avalos and DeYoung, 1995; Bruggink,
1992; Somma, 1994). Another vein of research in the CPR
literature has provided more nuanced interpretations and has
better conceptualized and analyzed scale (Blomquist, 1992;
Ostrom, 1998). This line of research has begun to identify the
importance of polycentric networks—distributed systems of
governance with coordinated governing authorities that link
actors and institutions at different levels and apportion roles
to different nodes in the network, balancing the tradeoffs
between centralized and autonomous decision making
(McGinnis, 1999).

Second, recent work in the field of international relations
has focused on the interactions of regimes at international,
national, and subnational levels, with a special focus on what
constraints and opportunities are imposed by institutions at
one level on institutions at other levels (Keohane and Ostrom,
1995; Young, 1995):

… [I]t seldom makes sense to focus exclusively on finding
the right level or scale at which to address specific prob-



Drought, Climate Change, and Vulnerability 225

lems arising from human/environment relations.
Although small-scale or local arrangements have well-
known problems of their own, there are good reasons to
be wary of the pitfalls associated with the view that the
formation of regimes at higher levels of social organiza-
tion offers straightforward means of regulating human
activities. … In most cases, the key to success lies in
allocating specific tasks to the appropriate level of social
organization and then taking steps to ensure that cross-
scale interactions produce complementary rather than
conflicting actions. (Young, 2002, p. 266) 

Finally, with its foundations in adaptive management,
resilience theory (a literature mirroring much of the vulner-
ability literature, but with few researchers in common) has
begun to address the importance of institutions, especially in
facilitating learning and adaptation. For problems that cut
across levels, institutions that are decentralized but link
higher level and lower level management actions are seen as
more resilient to external and internal shocks (Berkes, 2002;
Folke et al., 2002). According to this perspective,

[D]ynamic efficiency is frequently thwarted by creating
centralized institutions and enhanced by systems of gov-
ernance that exist at multiple levels with some degree of
autonomy complemented by modest overlaps in authority
and capability. A diversified decision-making structure
allows for testing of rules at different scales and contrib-
utes to the creation of an institutional dynamics impor-
tant in adaptive management. (Folke et al., 2002, p. 21) 

IV. DROUGHT, CLIMATE CHANGE, AND 
AGRICULTURE IN THE U.S. GREAT PLAINS

Despite the richness of this literature on institutions and
environmental affairs, there is room for additional research
on the institutional design criteria that lead to effective water
management in general and drought management (whether
anticipatory or reactive) in particular. We return to the case
of the U.S. Great Plains. Substantial evidence exists about
specific water management successes and failures in this
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region (e.g., Glantz, 1994; Riebsame, 1990; Riebsame, 1991;
Webb, 1931). The fact that the region has experienced multi-
ple droughts subsequent to the 1930s Dust Bowl years with-
out the associated dramatic impacts on human health, soil
quality, employment, and out-migration is generally taken as
a reflection of the success of the social adaptations imple-
mented in response to the event (Warrick and Bowden, 1981).
Although it is important to recognize this general success,
subsequent Great Plains droughts have reminded residents
that sensitivity to the effects of droughts is a dynamic process,
and that past successes are no reason to cease improving
disaster preparedness ( Popper and Popper, 1987; Rosenberg
and Wilhite, 1983; Wilhite and Easterling, 1987) or risk man-
agement (Wilhite, 2001).

Adaptations in the United States since the 1930s have
centered on government assistance, along two dimensions:
insurance against losses from natural disasters, and science
and technology outreach. Spectacular evidence of successful
S&T outreach is seen in the spread of irrigation among Great
Plains farmers. From the end of the 1940s through the end
of the 1990s, irrigated acreage in the region expanded from
2.1 million acres to 13.9 million acres (McGuire, 2003). This
increase was catalyzed by massive S&T outreach programs
that promoted irrigation as a fix for the factor (rainfall) lim-
iting agriculture in this semiarid region. The irrigation has
been largely restricted to farmers with access to one of the
continent’s largest aquifers, the Ogallala Aquifer. The exist-
ence of the irrigation water has allowed for a large-scale,
intensive agricultural system that drives local economies to
flourish at levels it might not otherwise reach (Kromm and
White, 1990). This fossil resource may be approaching the end
of its economic life: in some parts of the region, withdrawal
rates have exceeded recharge rates by a factor of 100 (Taylor
et al., 1988). Irrigation efficiencies have been improving in
recent years, but it remains to be seen if the resource is being
used sustainably (Riebsame, 1991; Wilhite, 1988).

As unsustainable as this water mining may be, there is
little reason to expect significant changes in irrigation rates.
Since the 1930s, a “moral geography” has emerged at the
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national level vis-à-vis the Great Plains. Federal financial
assistance has been repeatedly offered during times of stress
to “needy Jeffersonian yeomen farmers” almost regardless of
cost (Opie, 1998) and sometimes in spite of actual need (Wil-
hite, 1983). This regional social contract generally favors the
growth-driven industrial model of agriculture over economic
diversification or ecologically sensitive land uses (Riebsame,
1994; Roberts and Emel, 1995). Given these institutional
biases and incentives and associated market forces, farmers
with access to Ogallala water are almost forced to irrigate.
As such, one of the most effective mechanisms for reducing
sensitivity to drought—Ogallala irrigation—may cease to be
viable at some point during the 21st century. Some areas of
the Ogallala have even instituted a “planned depletion” water
policy (White, 1994), thereby only postponing—not prevent-
ing—when substantial changes in the regional economy (e.g.,
abandoning intensive farming altogether) may have to be
made. In conclusion, the remarkable reductions in vulnera-
bility attributable to the adaptations undertaken by Great
Plains farmers (and policy makers in Washington, D.C.) dur-
ing the 20th century may prove to be only a short-term fix
(Bowden et al., 1981; Hulett, 1981; Opie, 2000; Riebsame,
1991; Wilhite, 2001). Only time will tell if the combination of
a declining Ogallala water table with a significant drought
will overwhelm local institutions’ ability to cope (Glantz and
Ausubel, 1988; Wilhite, 1988).

V. DESIGNING INSTITUTIONS TO LEVERAGE 
SCIENCE AND TECHNOLOGY TO ACHIEVE 
SUSTAINABLE DEVELOPMENT

The research reviewed above provides a springboard for
beginning to develop an understanding of the design charac-
teristics of effective drought management institutions. Our
research on climate sensitivities and water management in
the Great Plains complements this work and suggests several
propositions that might tie together a number of the litera-
tures described in Section III.
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A first proposition is that multiple boundaries character-
ize the landscape of drought assessment, planning, and man-
agement, and that a key role institutions can play in reducing
vulnerability is to better manage such boundaries. Perhaps
the most fundamental of these boundaries is that between
science and policy, in which actors on both sides of the bound-
ary have an interest in maintaining the separation of the two
arenas (Gieryn, 1995): “To shore up their claims on cognitive
authority, scientists have to impose their own boundaries
between science and policy” (Jasanoff, 1987, p. 199). Scientists
have an interest in maintaining a boundary to ensure the
credibility of their work. Politicians have an interest in main-
taining a boundary to ensure their claims of representative
legitimacy. But although there is interest in maintaining this
boundary, scientists also have an interest in bridging bound-
aries when they seek to have science contribute socially rel-
evant information that can be used by policy makers and
decision makers. Thus the trick is managing the boundary,
bridging where necessary, but maintaining it as a barrier as
well.

A similar tension exists for other important boundaries.
Academic disciplines (and boundaries between them) exist to
deepen understanding of issues using specific and agreed-
upon tools, yet interdisciplinary research is needed to under-
stand and solve problems characterized by interconnected-
ness. Boundaries exist across levels to balance the efficiencies
of centralized governance and the specificity to local context,
yet coordination across jurisdictions, from global to local lev-
els, seems to be necessary to address transboundary problems,
commons problems, and the interactions between global and
local change (Cash and Moser, 2000; Wilbanks and Kates,
1999). Finally, boundaries also exist between different issue
areas—many management regimes are structured by issue
(e.g., water, agricultural, and environmental agencies in
states), again, allowing efficient focus on a narrow topic, but
providing barriers for integrated management.

Given this prevalence of boundaries in human systems,
what does recent research tell us about institutional struc-
tures that facilitate the management of boundaries? An
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emerging literature grounded in the social studies of science
characterizes such institutions as “boundary organizations”:
institutions that act as an intermediary across boundaries
and provide functions of convening, translation, collaboration,
and mediation (Cash, 2001; Guston, 1999; Guston, 2001).
Such organizations act as the site of co-production of knowl-
edge, where scientists, managers, decision makers, and users
of information jointly set agendas and decide on appropriate
methodologies and products (Andrews, 2002).

In the Great Plains, for water and other natural resource
issues, boundary organizations are embodied in the county
agricultural extension offices and local (multi-county) water
or resources management agencies. The local (multi-county)
water or resources management agencies sit between farmers
and other water users on the one hand, and the state resource
agencies and state land grant college and experiment stations
on the other hand. They are able to convene farmers, manag-
ers, and researchers for meetings and workshops on a wide
range of topics. Resource district staff routinely translate
farmers’ needs and concerns for researchers in order to set
research agendas, and they regularly help translate research
results in ways that are understandable and relevant to farm-
ers. They also translate the interests, concerns, and needs of
constituents for decision makers at the state level. The district
office can serve as a site for collaboration, bringing together
farmers, agronomists, hydrologists, and managers to build
hydrologic and agronomic models to test different policy
options for water management. Finally, the district office is a
place where discussions between multiple, often conflicting,
perspectives can be mediated and conflict resolved. The areas
with a management district that served these functions were
able to integrate research on climate and hydrology with
decision making and produce outcomes that reduced social
and ecological vulnerability better than areas without such
boundary management institutions (see Figure 1) (Cash,
2001; Cash et al., 2003).

Our research suggests that information that is co-pro-
duced through the actions of boundary organizations has
three critical attributes, which have been the focus of recent
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inquiry: salience (its relevance to decision-making bodies or
publics), credibility (its technical believability, or whether or
not it is endorsed by relevant evaluative communities), and
legitimacy (how fair an information-producing process is and
whether it considers appropriate values, concerns, and per-
spectives of different actors) (Cash et al., 2003; Eckley et al.,
2002). We refer to these three judgments as attributions
because they are not objective, or even readily agreed-upon,
characteristics of a knowledge production system but rather
involve actor-specific judgments using different criteria and
standards. Thus, salience, credibility, and legitimacy are per-
ceived and judged differently by different audiences. Given
the diverse nature of many kinds of natural resource problems
such as drought, the fact multiple perceptions exist about
what is salient, credible, and legitimate suggests an impor-
tant connection between boundary organizations and salience,
credibility, and legitimacy.

Performing functions of convening, translating, collabo-
rating, and mediating, boundary organizations are especially
well suited to helping the negotiation of information produc-
tion so that the information produced is salient to a potential
user and is credible, valuable to the scientist who produced
it. A boundary organization, in offering a site for co-produc-
tion, also can facilitate a legitimate process in which users
and producers both feel they have a stake and voice at the
table. In many different contexts in the Great Plains, this
balancing of different needs and different perspectives has
led to the production and use of hydrogeologic models; a broad
network of potential evapotranspiration monitors that pro-
vide daily information on crop needs; the development of
highly efficient irrigation technologies such as the nozzle sys-
tems on center-pivot systems; and many other systems that
link technical knowledge derived from universities, govern-
ment agencies, or industry with decision making on the
ground (Cash, 2001).

In the United States, the National Drought Mitigation
Center (NDMC; http://www.drought.unl.edu) appears to
function as a boundary organization, with institutional mech-
anisms in place that facilitate the production of salient, cred-
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ible, and legitimate information. Housed at the University of
Nebraska–Lincoln (a major research institution), the mission
of the NDMC is to bridge the data collection, monitoring, and
research capabilities at the university and elsewhere with
agencies making decisions about drought preparedness and
policy. In 1998, for example, the U.S. Congress established the
National Drought Policy Commission, charged with develop-
ing the framework for a massive restructuring of national
drought preparedness and response efforts, and the NDMC
played a central role in convening and legitimizing the final
product of this commission. In serving such functions, the
NDMC seeks to produce high-quality (credible) information
about drought that is timely, useful, and relevant to decision
makers’ needs (salient) at multiple levels (local, state,
national). By encouraging collaborative research and multiple
avenues for two-way dialogue (e.g., workshops, conferences,
etc.), it is establishing a process that has a high probability
of being viewed as fair and inclusive (legitimate) by multiple
actors from different perspectives.

Given its institutional structure, it is difficult to imagine
that the NDMC would not reduce drought-related vulnerabil-
ity in some ways. Yet the charge of the NDMC is not simple.
Its success will be defined in part by how well it collaborates
with other, more locally focused institutions also charged with
mobilizing information on drought-related vulnerability. This
information is almost certainly a moving target, given the
spatial and temporal variability of drought and the difficulty
in defining it (Wilhite, 2001). The NDMC and its partner
institutions must constantly communicate with each other as
well as with their end user base.

Outside the United States, the recent focus on reducing
drought-related vulnerability has increasingly centered on
seasonal climate forecasts (SCFs) (Dilley, 2000). The premise
is straightforward: if people are suffering because of drought,
and if they lack detailed foreknowledge of the drought, then
improved forecasts should reduce the suffering. In the last 20
years we have seen dramatic progress in scientific efforts to
understand seasonal to interannual climate dynamics, to
characterize social and environmental impacts, and to predict
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El Niño/Southern Oscillation (ENSO) events several months
in advance. As skill in forecasting has improved, concerted
efforts to reduce social vulnerability by applying this growing
knowledge to decision making have been made by interna-
tional organizations, national agencies, and research institu-
tions, which serve a boundary function. ENSO application
efforts have been targeted at such areas as emergency pre-
paredness, agriculture, food security, tourism, public health,
and fisheries, especially in drought-prone regions. However,
the hope engendered by improvements in scientific skill has
not always been realized.

Multiple challenges (unanticipated, for the most part)
have impeded the integration of forecasting information into
decision making. Some challenges stem from distortions and
manipulation of climate information for political reasons
(Broad et al., 2002; Lemos, in press; Lemos et al., 2002).
Others stem from inadequate understanding in the scientific
community of the needs, interests, and adaptation capacities
of the end users of climate information (O’Brien and Vogel,
2003; Patt and Gwata, 2002). Still other obstacles originate
in institutional constraints that inhibit the co-production of
information, resulting in climate information that lacks
salience, legitimacy, or credibility (Cash et al., 2003; McCar-
thy et al.). One of the primary lessons from reviewing these
evaluations of climate forecasting systems is a questioning of
the traditional notion of the primacy of producing scientifi-
cally valid information that will be simply picked up by deci-
sion makers and incorporated into decision making. Rather,
this body of work suggests that institutions designed to har-
ness science to address social vulnerability to natural phe-
nomena require a more nuanced approach. Political and social
contexts must be well understood; institutional structures
must be in place to help manage the boundaries between
science and decision making; and information must be per-
ceived as multidimensional, relying not only on objective cred-
ibility, but also on its salience to decision makers’ needs and
the legitimacy of its production.
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VI. CONCLUSIONS AND FUTURE DIRECTIONS

We return to our original question posed in Section I.

Do past successes of adaptation to drought suggest that
S&T will rise to future challenges posed by a greenhouse-
induced increase in drought severity, not only in places
where drought is a central planning focus, but also in
places where drought receives less coordinated planning
attention?

We argue that, in the United States at least, we can expect
the S&T community to continue contributing to a meaningful
reduction in social vulnerability to drought effects by enhanc-
ing adaptive capacity. But the associated institutions must be
designed to communicate with each other and with the end
users of the information and products in a substantive and
iterative fashion. The real progress made in some places by
the S&T community during the 20th century does not mean
that the job is complete. The success of societal response to
future droughts will be directly related to institutions’ ability
to generate S&T products that respond to an evolving set of
end user needs associated with multiple stresses, at multiple
levels of organization. Indeed, a recent report on preparing
the United States for droughts in the 21st century suggests
that renewed federal energy is required to catalyze improved
preparedness efforts, but that state and local capabilities
must not be compromised (National Drought Policy Commis-
sion, 2000). Such institutions must also be able to learn and
communicate across traditional professional boundaries, so
that the information produced remains salient, credible, and
legitimate over time.

This list of normative goals expands on earlier work on
the process of drought policy development (e.g., Wilhite and
Easterling, 1987) and on whether drought policies should
emphasize a preventive or proactive approach (e.g., Wilhite,
2001). If we want to make progress toward the institutional
design elements called for here, we must first unpack the
ways in which natural resource management institutions
presently generate and promote the tools on which they base
successful drought policies. Of course, it is easier to theorize
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about the need for realizing these normative goals than it is
to realize the goals, especially given the fact that most of the
institutions in question operate under increasing demands on
limited resources. Nonetheless, a redirection of drought plan-
ning policies is needed, both in places where droughts cur-
rently contribute to serious human suffering (such as
southern Africa) and in places where droughts have ceased
to pose a mortal threat but continue to generate considerable
damage (such as the United States). We believe that if S&T
institutions adapt their form and function to suit end users’
evolving needs, then they will be in a position to serve those
needs better.

The ability of S&T institutions to respond to a strength-
ened drought regime under climate change remains an open
question that demands further research. The answer will
almost certainly vary from place to place. The specific char-
acteristics required of a given institution depend on the set
of stressors important there. In other words, drought is not
the only stress people are battling (O’Brien and Leichenko,
2000). For example, S&T institutions will likely need to serve
different user needs in places where climate change coincides
with economic liberalization policies that are restructuring
agriculture (e.g., South Africa, India) than in places where
such nonclimate factors are less important (e.g., the United
States, France). It should be noted that taking a place-based
approach to studying global change vulnerability complicates
the analysis. In particular, understanding the details of an
institutional landscape is difficult because these institutions
are constantly evolving. A case in point is the National
Drought Policy Commission in the United States. The specific
fruits of this commission are unclear at present, but it is
certain to result in the building of institutions that span
multiple disciplines, address multiple levels of organization,
and serve multiple (possibly competing) constituencies. We
hypothesize that the effectiveness of these institutions will
be positively related to the extent to which they satisfy the
design elements outlined in this chapter. Given the imperative
to reduce the rising toll of drought impacts, testing this
hypothesis in the coming years as the policies materialize will
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illuminate pathways for reducing those impacts, and, by
extension, overall social vulnerability.
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You are piling up a heritage of conflict and litigation over
water rights for there is not sufficient water to supply the
land …

John Wesley Powell, 1893
International Irrigation Conference,

Los Angeles
cited in Stegner, 1954, p. 343

I. INTRODUCTION: HISTORY OF 
COLORADO RIVER BASIN DEVELOPMENT

The Colorado River flows 2300 km (about 1400 mi) from the
high mountain regions of Colorado through seven basin states
to the Sea of Cortez in Mexico (Figure 1). The river supplies
much of the water needs of seven U.S. states, two Mexican
states, and 34 Native American tribes. These represent a
population of 25 million inhabitants, with a projection of 38
million by the year 2020. Approximately 2% of the basin is in
Mexico. The Colorado does not discharge a large volume of
water. Because of the scale of impoundments and withdrawals
relative to its flow, the Colorado has been called the most
legislated and managed river in the world. It has also been
called the most “cussed” and “discussed” river in the United
States. About 86% of the Colorado’s annual runoff originates
within only 15% of the area, in the high mountains of Colorado
and the Wind River Range in Wyoming. In the semiarid South-
west, even relatively small changes in precipitation can have
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large impacts on water supplies. The coefficient of variation
for the Colorado is about 33%.

Climate and weather events form a variable background
on which water agreements and conflicts are played out.
Indeed, Powell’s comment above, as dire as it might seem,
was not made in the context of potentially large swings in the
climate system. The specter of long-term climate variations
overlays a series of other issues, including growth in munic-
ipal and industrial water demands, groundwater depletion,
unmet ecosystem needs, and water quality requirements. Dec-
adal-scale climatic factors influencing present water alloca-

Figure 1 The Colorado River basin. (From the U.S. Department
of the Interior, Bureau of Reclamation.)
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tions, discussed in greater detail elsewhere (Dracup, 1977;
Stockton and Boggess, 1979), are of increasing significance in
the management of the Colorado. In addition, it is likely that
climatic changes may already be affecting the snowpack and
runoff conditions in the Colorado watershed. This introduces
a new set of forcings on regional climate factors that affect
water supply.

As has been well documented, the most important man-
agement agreement (the Colorado River Compact of 1922)
was based on overestimation of the reliable average annual
supply of water due to a short observational record. Briefly,
the period 1905–25 was the wettest such period in 400 years
of record, with 16.4 million acre-feet (maf1) reconstructed
annual average flow at Lees Ferry. The 1922 compact signa-
tories used this average number as the base minimum for
fixed allocation between upper and lower basins. As a nod to
interannual variability in water supply, the signatories
assumed that flow would average out over 10 years and made
the downstream requirement 75 maf over the said 10-year
period. Colorado River streamflow, however, exhibits strong
decadal and longer variations (Figure 2). Since the signing of
the compact, the reliable estimated annual virgin flow has
been about 14.3 maf, with a historic low flow of 5.6 maf in
1934.

Emphases on water demand management, meeting obli-
gations to Native American tribes, maintaining water quality,
and environmental concerns have also altered the traditional
roles of federal, state, and local agencies. The impacts of
recent events such as the continuing regional-scale droughts
since 1999, including the extreme drought of 2002, and recent
enforcements restricting California to its compact allotment
are only just beginning to be understood in terms of system
criticality and requirements for noncrisis or proactive mitiga-
tion of drought impacts.

1 1 maf = 1.24 million liters (325, 851 million gallons). Million acre-feet
(maf) is used as the unit of water volume throughout this chapter. All
entities on the Colorado River use maf as the unit of measure.
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This chapter uses climate-sensitive decision environ-
ments along the Colorado River to illustrate the breadth and
complexity of the water management issues and the role of
climate in these contexts. The four examples are in: (1) the
border region: international issues; (2) Arizona and Califor-
nia: interstate issues in the Lower Basin; (3) Native American
water rights; and (4) conjunctive use and management:
groundwater and surface water in Arizona.

Recent drought impacts on the Colorado River reservoirs
have raised significant concern about the reliability of deliv-
eries in the event of a decadal or multi-decadal drought. Until
recently, the expectation of Colorado River managers was that
significant shortages in the Lower Basin would not occur until
after 2030. With reservoir levels at historic lows, newspaper

Figure 2 Decadal-scale variability of Colorado River streamflow
at Lees Ferry, 1896–2003. Smoothed using a 9-year moving average.
(Data from the U.S. Department of the Interior, Bureau of Recla-
mation.)
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headlines and politicians are focused directly on the
drought/water supply issue. Generally, focusing events like
this expose critically vulnerable conditions and, although they
warn of potential crisis, are also opportunities for innovation.
Potential water resource–related focusing events across the
western United States include: (1) extreme climatic conditions
(e.g., drought and floods); (2) large-scale inter-basin transfers;
(3) quantification of tribal water rights; (4) an energy crisis;
(5) changing transboundary responsibilities; and (6) regula-
tory mandates such as the Endangered Species and Clean
Water Acts. Crisis conditions can be said to be reached when
focusing events occur concurrently with public awareness of
a finite time necessary for effective response. In this context,
institutional conditions that limit flexibility tend to exacer-
bate the underlying resource issues.

We begin with a broad overview of the history of Colorado
River basin development and the scales of decision making
(governance and operational requirements) involved. The
decision-making environments are discussed in terms of
drought-sensitive issues at international, inter-state, Native
American, and state levels. The development of the Colorado
River Compact (and its use of a limited record of streamflow)
mentioned above is discussed in great detail in numerous
books and articles (see Weatherford and Brown, 1986) and
will be referred to here only when it introduces a criticality
to the management problem being considered. Two issues that
were not in the original compact but have since become more
important will be addressed in some detail: conjunctive use
(i.e., joint use of surface and groundwater) and water quality.

II. SOCIAL AND ECONOMIC CONTEXTS

Demographic, legal, and environmental changes can and have
disrupted existing relationships and current perspectives
about the interactions among society, climate, and water.
Nowhere is this more apparent than in the many transbound-
ary situations that dominate Colorado River management.
The Colorado River has been the subject of extensive negoti-
ations and litigation. The federal government accounts for
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56% of the land within the basin; Indian reservations, 16.5%;
states, 8.5%; and private ownership, 19% (Weatherford and
Brown, 1986). As a result, a complex set of federal laws,
compacts, court decisions, treaties, state laws, and other
agreements collectively known as the “Law of the River” has
been developed (Table 1). These play out in terms of inter-
state agreements (e.g., the Colorado River Compact) and tran-
snational (U.S.–Mexico) settings. A study by an alliance of
seven western water resources institutes (Powell Consortium,
1995) offers the following counterintuitive result: Although
the Lower Colorado River Basin within the United States is
indeed drier than the Upper Basin, it is the Upper Basin that
is vulnerable to severe, long-term climatological drought
because of the 1922 agreement to provide a fixed amount of
water to the Lower Basin. However, the Lower Basin is subject
to water supply limitations brought on by growth and inflex-
ible allocation arrangements. This unprecedented growth has
occurred during a wetter-than-average 25-year period
(1975–99), which may have resulted in some degree of com-
placency about water availability.

The chronology in Table 1 reflects the changing values
of water rights in the new West based on tourism and recre-
ational economies. Management has evolved from two classic
approaches to integrated river basin development: (1) large-
scale investments in water projects integrating economic and
engineering objectives, and (2) negotiation of inter-state and
international agreements for the management of shared
resources.

Recently, emphases have shifted to integration of irriga-
tion with other agricultural land uses, wastewater reuse, and
conjunctive management of ground and surface water sys-
tems. Most important are the trends toward public involve-
ment and participation in decision-making processes and the
incorporation of institutional and behavioral considerations
in the planning and implementation processes.

Frederick et al. (1996) concluded that in the upper Col-
orado region the value of water for recreation, fish, and wild-
life was US$51 per acre-foot, compared to US$21 for
hydropower and US$5 for irrigation. Even given the limited
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reliability of the precision of these numbers, they reflect
changing values of water rights in the new West based on
tourism and recreation. Booker and Young (1994) concluded
that efficient administration would require a large realloca-
tion from the Upper Basin to the Lower Basin to reflect the
low marginal values of irrigation water in the Upper Basin
and the high instream values generated between the two
basins. Efficiency is obviously not the only criterion for man-
agement of a multifaceted and socially constrained resource
such as water. In the case of the Colorado it has become
virtually impossible to answer the question “Who manages
this basin?” (even with the Secretary of the Interior desig-
nated as “water master” for the Lower Basin) without listing
dozens of government agencies, legal and diplomatic instru-
ments and precedents, private-sector interests, and commu-
nity-based interests (Varady et al., 2001). Climate-sensitive
decisions in the Colorado River basin thus involve and cross
the many temporal and spatial scales through which water
of varying quantity and quality flows (Pulwarty and Melis,
2001).

A. Water Quantity

As a result of climatological droughts experienced during the
1930s, 1950s, and 1970s, the Colorado system as a whole is
operated to maximize the amount of water in storage for
protection against dry years. The full Colorado reservoir sys-
tem stores about four times the annual flow. Lake Mead and
Lake Powell are the two largest man-made lakes in the United
States. Under the Colorado River Compact and subsequent
international treaties, 7.5 maf are allocated to the four Upper
Basin states of Colorado, Utah, Wyoming, and New Mexico;
7.5 maf to the three Lower Basin states of Arizona (2.8 maf),
Nevada (0.3 maf), and California (4.4 maf); and 1.5 maf to
Mexico. At present the estimated use within the Lower Basin
is 8.0 maf (including return flows but not including the Mex-
ican requirement), whereas for the Upper Basin use is esti-
mated for 1996–2000 at 4.5–5.0 maf (Bureau of Reclamation,
2001). As such, the main focus of this chapter is on Lower
Basin problems and innovations. However, in the context of
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severe, sustained drought, the Upper Basin could experience
significant shortfalls as a result of the compact requirements
to maintain the flows into Lake Powell. A “compact call” could
limit diversions that currently serve multiple users in Colo-
rado, Utah, and New Mexico.

Approximately 80% of the river’s supply is used for agri-
culture. The largest user of agricultural water is the Imperial
Irrigation District (IID) in southern California, which alone
accounts for approximately 2.87 maf annually (1964–96 aver-
age), or almost 20% of the river’s average annual flow. Even
without the pressure of the ongoing drought, usage trends
were approaching system criticality (Figure 3). The California
Department of Water Resources estimates that, because of
population pressure, California will face shortfalls of 4–9 maf
per year by 2020. Planners in Nevada anticipate a population
growth from 1.8 million in 2000 to 3.5 million by 2020. South-
ern Nevada, which includes Las Vegas, is now one of the
fastest-growing urban areas in the country and is expected
to fully utilize its basic apportionment by 2010. An earlier
estimate was for this point to be reached by 2030. Water use
in Utah is anticipated to almost triple over the next 50 years,
from 645,000 af in 2000 to 1,695,000 af in 2050. By that time
the state will be facing a projected water shortage of an
estimated 186,000 af even though conservation and conver-
sion of water use by agriculture will contribute 783,000 af of
savings (see Morrison et al., 1996; Pontius, 1997; and others).

B. Water Quality

Regulation of the Colorado by a series of large dams has
substantially increased stream salinity by two processes: the
evaporation surface of the reservoirs and irrigation return
flows (Pontius, 1997). Evaporative losses from the Colorado
River reservoirs are especially high because of the arid cli-
mate of the region.

Salinity concentration is generally inversely propor-
tional to flow rate, in that it decreases in periods of high flows
and increases during periods of drought or otherwise induced
low flows. Salinity levels have had significant domestic and
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international impacts in the Colorado River basin. Because
of the above-average precipitation in the Colorado watershed
in the last several decades, high runoff and flood control
releases have helped keep the river within standards set in
the U.S.–Mexico treaty. In addition, Congress has taken a
series of actions to control salinity. The salinity of the Colo-
rado River water at its headwaters in the Rockies is about
50 mg of TDS (total dissolved solids) per liter. The stream
salinity at the Mexican border doubled from 400 mg of TDS
per liter in the early 1900s to 800 mg in the 1950s. About
50% of the salt in the river is from natural sources such as
saline springs, erosion of saline geologic formations, and run-
off, and the remainder comes from irrigation return flows
(37%), reservoir evaporation and phreatophyte use (12%),
and municipal and industrial effluent (1%) (Lane, 1998).

The 1944 international water treaty left important prob-
lems unresolved regarding the quality of water delivered by

Figure 3 Trends in Colorado River use in the Upper and Lower
Basins, 1915–2001. (Data from the U.S. Department of the Interior,
Bureau of Reclamation.)
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the United States to Mexico. The domestic impacts, such as
pollution and low flow at source regions, resulted in a 1974
agreement in which the United States would assume costs
for desalination of Colorado water before it enters Mexico.
The agreement also has implications for water availability for
the Colorado River delta during exceptionally dry periods.

In recent years, the stability and sustainability of the
treaty apportionments have been challenged by three pres-
sures (see Bennett and Herzog, 2000). The first is the demo-
graphic transformation underway in the border region. Since
the passage of the North American Free Trade Agreement
(NAFTA) in 1994, trade between Mexico and the United
States has tripled to $261 billion, and with it the number of
goods, vehicles, and services crossing the border has increased
dramatically (INE, 2003). The second stress is environmental
(habitat) considerations, and the third is drought.

Other water quality issues of recent concern along the
Colorado include coliform contamination from inadequate
waste treatment, limiting certain recreational activities, and
perchlorate contamination that has leached into the water
supply from an industrial point source near Las Vegas. Nei-
ther is directly related to drought, but they may have drought
and water supply related implications.

III. THE CLIMATIC CONTEXT

The region encompassing the Colorado River basin poses spe-
cial challenges for understanding and predicting weather and
climate variability. Key factors include: complex terrain and
correspondingly large topographic influences, multiple mois-
ture sources and precipitation mechanisms, and large and
variable water storage in the form of snowpack. Major vari-
ations in weather and climate extend across a broad temporal
spectrum from daily through centennial timescales, with con-
sequent effects on local and basin-wide hydrological budgets.

Longer term climate variations are also quite pronounced
throughout the interior West and have major implications for
the hydrology of the region. For example, the Bureau of Recla-
mation has estimated that water needs of the Lower Colorado
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River Basin could not be met if the region were to experience
a prolonged dry period such as occurred in the 1930s (el-Ashry
and Gibbons, 1988). Paleoclimate evidence suggests that over
the last two millennia several droughts occurred in this region
that were of substantially greater severity and longer duration
than any observed in the modern observational record, includ-
ing the 1930s and the 1950s (Woodhouse, 2003).

For the western United States as a whole, approximately
50–70% of the annual precipitation falls in mountainous
regions, mainly in the form of snow (Dracup, 1977). The Col-
orado is decidedly a snowmelt-driven system. Although much
work on climatological drought has focused on precipitation
amounts, for the Colorado, increases in temperature (which
can be associated with drought as well as climate change)
may be as important. Summer precipitation also provides an
important moisture source for native ecosystems and dryland
agriculture and reduces water needs for irrigated crops.

El Niño/Southern Oscillation (ENSO) events influence
important aspects of the climate of the Colorado basin. ENSO
events are the coupled anomalous oceanic warming (El Niño)
and atmospheric response (Southern Oscillation) of the cen-
tral and eastern tropical Pacific, known to affect climate
worldwide. Its opposite phase, La Niña, is associated with
anomalously cold ocean temperatures in the tropical Pacific.
The general picture that arises from ENSO studies is that,
in winter, El Niño conditions are associated with above-nor-
mal precipitation in the southwestern United States, includ-
ing much of the Lower Basin, with a tendency toward below-
normal precipitation in the Pacific Northwest. With La Niña
conditions, the regional climate response is roughly the
reverse, with below-normal precipitation more likely to occur
in the southwest and above-normal precipitation expected in
the Pacific Northwest. On average, in both El Niño and La
Niña conditions, a nodal line in the wintertime response is
located across central Colorado, indicating a tendency toward
opposite-sign responses between the northern part of the
Upper Basin and the Lower Basin. Decadal climate variability
that affects the basin has been partly related to changes in
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the frequency and intensity of ENSO events and partly to a
second mode of climate variability called the Pacific Decadal
Oscillation, or PDO. In contrast to ENSO, PDO is more
focused in the North Pacific extratropics. Several studies show
statistically significant relationships between the PDO and
streamflow in the western United States. They also identify
significant multi-decadal shifts in moisture-controlled vari-
ables for the Upper Basin that were coincident with shifts in
the PDO. The causes of the PDO are poorly understood.
Clearly, if skillful forecasts of multi-year to decadal climate
variability could be developed, they would have major appli-
cations for water resources planning and management in the
basin.

At this time, confidence is very low in projecting long-
term climate changes at regional scales, especially for precip-
itation. For temperatures, most climate change models are
consistent in projecting wintertime warming over much of
North America through this century (IPCC, 2001). Analyses
of recent temperature trends have shown a tendency for
warmer winters across the western United States since the
mid-1960s (Livezey and Smith, 1999). Phenology studies, such
as bloom dates for flowering lilac and honeysuckles, also indi-
cate that spring blooms are occurring earlier than in the past
through much of the West (Cayan et al., 2001). Even without
changes in total precipitation, changes in the annual temper-
ature cycle (e.g., a shortened cold season and lengthened
warm season) could have significant implications for water
resource use and management in the basin. Potential effects
include changes in average annual snowpack (water storage)
and evaporation, alterations in the magnitude and timing of
the annual hydrological cycle (e.g., of peak flows), and addi-
tional water requirements to meet urban and agricultural
needs.

The Powell Consortium (1995) study of the potential
effects of severe sustained drought on the Colorado River
system also brought out the importance of management flex-
ibility in the face of extreme climate events. Existing institu-
tional arrangements were found to protect traditional
consumptive uses, but the nonconsumptive instream uses,
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such as hydropower and environmental requirements, were
severely affected (Lord et al., 1995). Win–win solutions were
possible over all water uses, but the study concluded that such
possibilities were difficult to accomplish in practice. Given
this background on climate and climate variations in the
Colorado basin, we turn next to a discussion of four climate-
sensitive water resources management problems within the
basin.

IV. FOUR CLIMATE-SENSITIVE DECISION 
ENVIRONMENTS

A. International: The Border Region

Although international rivers have always been difficult to
manage, the Colorado is especially interesting because of its
enormously diverse and multiple overlapping jurisdictions,
the strong contrast in legal and administrative styles of the
two neighboring countries, and the exceptional degree of free-
dom and influence of the informal, nongovernmental sector
in the United States (Varady et al., 2001).

In 1964, an international issue erupted when the Mexi-
can government complained that deliveries of Colorado River
water with salt concentrations of 2000 ppm were affecting
crops and asserted that this was in violation of the 1944
Mexican Water Treaty . Salinity had become a major problem
for Mexican agriculture in the Mexicali Valley after the
75,000-acre Wellton-Mohawk Irrigation District was devel-
oped in southern Arizona and the filling of Lake Powell had
reduced flows in the river. After 10 years of negotiations,
Mexico and the United States signed Minute No. 242
(“minute” in this context means an amendment to the 1944
treaty) in 1973, which established salinity standards for water
delivered upstream of Morelos Dam (Mumme, 2000). The
advantages included better relations between the United
States and Mexico, with Mexico also waiving compensatory
payments for historical damages.

Per Minute No. 242, the United States must deliver
water to Mexico with an average annual salinity concentra-
tion no greater than 115 ppm +/– 30 ppm over the average
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annual salinity concentration of the river at Imperial Dam.
Thus, an increase in salinity at Imperial Dam directly trans-
lates to an allowable increase in salinity of water delivered
to Mexico and an increase in salinity of water flowing past
Morelos Dam. Salinity is projected to increase at Imperial
Dam to 980 mg/l by the year 2015 without additional controls
(Bureau of Reclamation, 2002).

A parallel but more complex crisis is affecting much of
the region’s groundwater resources, which are largely outside
the scope of the legal arrangements and beyond the control
of most administrative agencies on both sides of the border.
Although the states recognize the relationship between
groundwater and surface water, their laws generally do not
reflect this relationship. Groundwater use is poorly measured,
but is generally acknowledged in many areas to exceed nat-
ural recharge. In times of low surface flow, water managers
throughout the West tend to turn to groundwater as a backup
supply. Because groundwater is frequently hydrologically con-
nected to surface water, the generally unregulated use of
groundwater frequently causes negative impacts on surface
water users. Groundwater management issues are increas-
ingly affecting the Colorado.

In December 2000, the two countries, acting through
the International Boundary Waters Commission (IBWC),
adopted Minute No. 306, recognizing a shared interest in
the preservation of the riparian and estuarine ecology of the
Colorado delta. Conflict over the delta has not fully devel-
oped in part because of wet episodes in the delta during the
1980s and 1990s. Despite extensive destruction, some recov-
ery has been seen in the delta since 1981, when new flows
coming from saline irrigation water or flood control opera-
tions were redirected, creating the Cienega de Santa Clara.
This cienega has developed into an important habitat that
is dependent on the continued irrigation return flows from
the United States. Proposals by U.S. interests to operate the
desalter at Yuma (built to treat Colorado River water to meet
the standards in Minute 242, but never brought online)
would increase water supply availability in the United
States and meet U.S. obligations to Mexico. The relative roles
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of Mexico and the United States in resolving this issue are
still evolving.

Recent efforts to deal with direct cross-border concerns
include the Border Environmental Cooperation Commission
(BECC) and the North American Development Bank (NAD
Bank). The BECC and NAD Bank constitute a partial
response to the water-related problems along the U.S.–Mex-
ico border (Milich and Varady, 1999). The BECC offers a new
kind of forum in which border residents are able to address
problems they have in common. It is governed by a binational
ten-member board of directors, which includes two members
of the IBWC. Its charter explicitly emphasizes public partic-
ipation. The BECC is charged with certifying proposed bor-
der infrastructure projects. BECC criteria include
compliance with environmental requirements and mainte-
nance of financial stability (Milich and Varady, 1999). Once
a project is certified by the BECC it becomes eligible for
financing by the NAD Bank. The BECC places regional prox-
imity to the border ahead of national concerns. However, it
is still too early to assess whether it can serve as a template
for transboundary environmental institutions and whether
there will be substantial implications for management of the
Colorado River.

Under Minute 307 of the IBWC, the United States
accepted Mexico’s proposal for the two countries to cooperate
in the fields of drought planning and sustainable use of the
basin. However, in the United States, water rights and quan-
tity management are generally the responsibility of states,
not the federal government (Getches, 2003). Both surface
water and groundwater are considered public resources sub-
ject to state law, with rights and permits to use water
granted to individuals and water providers. Owners of water
delivery and treatment infrastructure are typically not the
states but local governments or private water companies and
irrigation districts. A better understanding of the links
between domestic concerns in both countries and interna-
tional agreements is needed in order to construct a more
complete picture of issues underlying cross-scale water-
related disputes.
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B. Arizona and California: Interstate Issues in 
the Lower Basin

The Colorado River is the principal source of water for irri-
gation and domestic use in Arizona, southern California, and
southern Nevada. Accounting for the use and distribution of
water from the Colorado River below Lees Ferry (lower Col-
orado River) is required by the U.S. Supreme Court Decree of
1964 in Arizona v. California. In addition to its other require-
ments, the Supreme Court decree dictates that the Secretary
of the Interior (secretary) provides detailed and accurate
records of diversion return flows and consumptive use of water
diverted from the mainstream, “stated separately as to each
diverter from the mainstream, each point of diversion, and
each of the States of Arizona, California, and Nevada.”

Arizona and California have a long history of battling
over the Colorado. In 1964, after 11 years of legal battles, the
U.S. Supreme Court, in Arizona v. California, confirmed the
Upper and Lower Division apportionment of the Colorado.
The court also held that Arizona’s use of the Gila River and
its tributaries would not reduce its entitlement of Colorado
River water. A major concern for Arizonans has been protec-
tion of the state’s allocation of Colorado River water from the
other Lower Basin states (California and Nevada). Although
Arizona v. California temporarily ended the battle for water
supplies between the two states and quantified the rights to
Colorado River water, California has been using approxi-
mately half a million acre-feet more water than its 4.4 maf
allocation for many years. Along with concerns about the long-
term reliability of Arizona’s allocation, a conviction that Ari-
zona needed to quickly utilize its full allocation developed
during the 1980s and early 1990s, resulting in the creation
of the Arizona Water Banking Authority (AWBA) in 1996.

The AWBA has four primary objectives: (1) to store water
underground that can be recovered to ensure reliable munic-
ipal water deliveries during future shortages on the Colorado
River or CAP (Central Arizona Project; discussed later in this
chapter) system failures, (2) to support the management goals
of the active management areas (AMAs; discussed later in
this chapter), (3) to support Native American water rights
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settlements, and (4) to provide for interstate banking of Col-
orado River water to assist Nevada and California in meeting
their water supply requirements while protecting Arizona’s
entitlement. The AWBA uses a combination of groundwater
withdrawal fees, property taxes, and state general funds to
purchase excess CAP water and contract with recharge facil-
ities to store the water underground in central Arizona. The
AWBA has been hailed as a major innovation in water man-
agement, and it has changed the tenor of inter-state negoti-
ations substantially.

1. The Quantification Settlement 
Agreement (QSA) 

Although the AWBA did help relieve some pressure among
the Lower Basin states and provide a tool for responding to
shortages during drought in Arizona, it did not resolve the
basic problem of California’s excess use of Colorado River
water. In 2001, after years of complex inter-state discussions
and a failed attempt by California to negotiate a multi-party
intra-state agreement to address the overuse issue, Gail
Norton, the Secretary of the Interior, required California to
reduce its Colorado water use to its original apportionment.
The Secretary’s action served as a “focusing event” because it
forced all of the parties back to the table to negotiate further.

The resulting agreements, signed October 10, 2003,
between southern California water agencies, the State of Cal-
ifornia, and the federal government form the foundation of
what is known as the California 4.4 Plan. Under a seven-state
agreement to change the surplus criteria for managing the
Colorado, California now has until 2017 to reduce its draw on
the river from about 5.2 maf to its basic annual apportionment
(4.4 maf) in the absence of surplus water. This “soft landing”
is accomplished by renegotiating the interim surplus guide-
lines, which may exacerbate drought vulnerability by drawing
down reservoirs farther than they would otherwise have been.
The basic principle of the approach is that those who benefit
from the interim surplus criteria (California) must also miti-
gate for the incremental harm to others (Arizona and Nevada)
(Lochhead, 2003).
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The Quantification Settlement Agreement (QSA) maps
out how California will reduce its overreliance on the Colorado
River while meeting the state’s changing water needs. In
particular, Colorado River water would shift from agricultural
use (primarily within the Imperial Irrigation District and
Coachella Valley Irrigation District, which hold the oldest
priority water rights) to urban use (generally, Metropolitan
Water District). In any event, even with initial hiccups (see
Bureau of Reclamation, 2003), the negotiated solution of the
California Plan and the interim surplus guidelines represents
a remarkable achievement in good faith public interest nego-
tiation-management (Lochhead, 2001, 2003). Such a solution
is obviously preferable to litigation and competition between
states and agencies, although it probably would not have
happened without external forcing. It also illustrates the
importance of water continuing to be a public resource rather
than a private commodity (Lochhead, 2003). As this case illus-
trates, there is still flexibility in the system to accommodate
changing needs and climatic conditions, although the level of
effort required to develop agreements among the multiple
affected parties is extremely high. Water use, efficiency, and
transfers must be maximized locally before proceeding to the
regional, inter-state, or inter-basin levels. Significant hurdles
still must be overcome if inter-basin marketing is to become
a reality.

C. Native American Water Rights

Thirty-four Indian reservations are located within the Colo-
rado River basin, with the status of their water claims ranging
from quantified in court, quantified through negotiated set-
tlements, or still unquantified (Pontius, 1997). A number of
tribes located outside the boundaries of the basin, such as the
Mescalero Indian Reservation in New Mexico, have tradi-
tional or aboriginal interests in the basin as well. Each of
these 57 reservations has very different interests, needs, and
desires concerning the management of the Colorado River
(Gelt, 1997; Pontius, 1997). The 1908 the Winters v. United
States Supreme Court decision established the doctrine of
Indian reserved water rights. The court held that such rights
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existed whether or not the tribes were using the water and
dated to the time that the reservations were created. This
decision was reaffirmed by Arizona v. California (1963), which
awarded water rights to five Indian reservations in the Lower
Basin. The court determined that an Indian tribe’s quantified
reserved right must be taken from and charged against the
apportionment of water of the state where the tribe’s reser-
vation is located. Large outstanding Indian water rights
claims in the Colorado River basin include Gila River (Ari-
zona), 1,599,252 af; Hopi (Arizona), 140,406 af; Navajo (Ari-
zona), 513,042 af; Tohono O’odham (Arizona), 650,000 af; and
White Mt. Apache (Arizona), 179,847 af. The Gila River and
Tohono O’odham settlements are included in a package that
is currently (2004) being considered by Congress. If approved,
the Gila River Settlement will be the largest in U.S. history,
involving 643,000 af of water, multiple parties, and multiple
side agreements.

The settlement of Arizona v. California had significant
long-term implications for water management in the Colorado
River basin. First, this case established the process for quan-
tifying Winters’ rights, potentially resulting in relatively large
amounts of water for Indian tribes. Second, this case placed
Indian water rights squarely within the framework of western
water law, not only by quantifying the rights but also by
holding that the Colorado River Indian tribes were included
in Arizona’s apportionment. This landmark decision means
that Indian water rights were put in direct competition with
other users within state allocations, increasing the pressure
on surface water supplies, especially during drought. How-
ever, to the degree that Indian settlements result in the ability
of other users to lease water from the tribes, these settlements
will be a major source of water for municipal and industrial
uses in the future.

D. Conjunctive Use and Management: 
Groundwater and Surface Water in Arizona

Conjunctive use is a term employed in multiple contexts. For
the purpose of this chapter, the term is used to mean the
integration of surface and groundwater supplies in order to
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maximize water supply availability. One mechanism for doing
this is storing excess surface water in aquifers during times
of ample supplies, with the expectation of recovery during dry
years. This method of storage, though relatively inexpensive
compared to construction of surface reservoirs, is dependent
on the geology of the aquifers and the geography of water use
patterns. Arizona has developed a number of institutional
arrangements that facilitate artificial recharge and long-term
water banking.

Most western states do not statutorily recognize artificial
groundwater recharge as a beneficial use of water. However,
in practice, artificial recharge is deemed to be of great benefit,
because water can be stored relatively inexpensively with low
evaporative losses, followed by recovery through the use of
wells. Groundwater currently supports roughly half the total
annual water demand in Arizona, with surface water, includ-
ing diversions from the Colorado River, representing the other
half (Jacobs and Holway, 2004). Before the completion of the
Central Arizona Project (CAP), Arizona’s use of Colorado
River water was limited to diversions along the river itself,
primarily for irrigation. Approximately 70% of the water use
in the state is agricultural, although this percentage is
expected to continue to decline over time, especially as cities
grow in size. Arizona’s population growth rate is among the
highest in the nation; the population will be near 6 million
in 2025, approximately three times that in 1980.

Throughout the West, groundwater is being pumped at
rates that exceed the natural recharge rate. Arizona, Califor-
nia, Idaho, Nevada, and New Mexico have enacted compre-
hensive artificial groundwater recharge legislation to provide
for growing needs. Groundwater levels have been dropping
for decades, and recently states and utilities have begun
recharge projects to replenish this diminishing resource. Arti-
ficial recharge is one way to offset these declines and manage
the potential for subsidence, while responding to climatic vari-
ability in the surface water supply availability.

The CAP is designed to bring 1.415 maf of Arizona’s 2.8
maf Colorado River allocation from Lake Havasu into central
and southern Arizona. Deliveries to Phoenix began in 1985
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and to the Tucson area in 1992. The CAP system is inter-
connected with the Salt River Project system in the Phoenix
area, providing maximum flexibility for conjunctive manage-
ment. However, the CAP has the lowest priority of the Lower
Colorado allocations and must curtail its usage first in a
shortage year. Concerns about the implications of the low
priority of Arizona’s Colorado River water and the overallo-
cation of its supplies have driven a number of innovations
in the context of inter-state negotiations, such as the AWBA
and discussions of resource reliability in the interim surplus
guidelines.

Within Arizona, municipal CAP deliveries have higher
priority than agricultural deliveries, so agriculture will be
affected first if there is a shortage to the CAP. The likelihood
of curtailment of deliveries to municipal interests due to
shortfalls on the Colorado in the next 30 years is considered
by CAP to be very limited, primarily because the Upper Basin
states (Colorado, Utah, New Mexico, and Wyoming) have not
fully developed use of their allocations. However, recent
severe drought conditions affecting the Colorado and the Salt
River system simultaneously, the interim surplus agreement
with California, which results in lower mainstem reservoir
levels, and predictions of a possible decades-long drought have
raised the level of concern about curtailment in both the near
and long term.

The 1980 Groundwater Management Act (GMA) changed
the institutional arrangements for managing groundwater in
Arizona in several dramatic ways. The focus of the GMA
provisions is within active management areas (AMAs), which
are portions of the state where the majority of the population
and groundwater overdraft are concentrated. The manage-
ment goal for all of the AMAs focuses on developing a sus-
tainable water supply. In the case of the major metropolitan
areas, the goal is “safe yield.” The AMAs include more than
80% of Arizona’s population, more than 50% of total water
use in the state, and 70% of the state’s groundwater overdraft,
but only 23% of the land area. The GMA uses a primarily
regulatory approach to managing groundwater supplies. The
program includes mandatory reductions in demand for all
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sectors through conservation and a required transition to
renewable supplies.

A key component in encouraging the use of Colorado
River water is the Assured Water Supply (AWS) program,
which requires that all new subdivisions in AMAs demon-
strate a 100-year AWS based primarily on renewable water
supplies before the subdivision is approved. This long-term
planning horizon has proved challenging in the face of high
growth rates and variable surface water supplies but has
caused substantial investment in the use of renewable sup-
plies.

Implementation of the AWS rules in 1995 would likely
not have been politically feasible in Arizona without the pro-
vision of a convenient mechanism for most residential devel-
opers, particularly those without ready access to renewable
supplies, to continue building. The Central Arizona Ground-
water Replenishment District (CAGRD), by committing to
replenish groundwater used by its members, provided a mech-
anism to meet the requirement to use renewable supplies and
therefore is partially responsible for the ability to adopt rel-
atively stringent AWS rules. The popularity of the CAGRD
has exceeded all expectations, leaving the agency working
hard to ensure a reliable long-term water supply for all its
customers and to find sufficient recharge capacity in each of
the AMAs.

With the creation of the AWBA in 1996, the development
of incentive pricing programs for agriculture and recharge,
and the AWS rules in place, Arizona is now fully utilizing its
Colorado River allocation. Annual utilization patterns are
strongly affected by surface water supply conditions within
the state, agricultural demand, and availability of Colorado
River water, but the full allocation has been diverted for the
past several years. Although importing surface water has
significant benefits from the perspective of relieving pressure
on diminishing groundwater supplies and ensuring a long-
term water supply, it has also increased the vulnerability of
the state to climate variability. The strong focus on artificial
recharge is clearly accepted as a tool to offset future drought-
related shortages.
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V. OPPORTUNITIES FOR TECHNOLOGICAL 
INTERVENTIONS AND CLIMATE SCIENCE 
APPLICATIONS

The three major elements of western states’ water future are
(1) conservation and demand management, (2) munici-
pal–agricultural cooperation, and (3) supply integration. Con-
servation and demand management approaches range from
technology interventions for specific problems to regional
water basin planning, including mandatory, voluntary, and
incentive-based approaches (Luecke et al., 2003). The innova-
tions described above (the AWBA/AWS/CAGRD, BECC, the
QSA settlement) are based in water management planning
and provide institutional mechanisms to reduce vulnerability
to drought, potentially limiting the economic impact of short-
falls in Colorado River deliveries.

Gleick (2003) describes the rise of “soft path” approaches
that complement physical infrastructure with lower cost com-
munity-scale systems, decentralized and open decision making,
water markets where actually needed, equitable pricing, appli-
cation of efficient technology, and environmental protection.
Given the lack of sites left for new dams on the Colorado and
the economic and environmental costs associated with dams,
soft path approaches are widely viewed as viable alternatives
to supply enhancement. The Council of State Governments
(2003) in a recent report identified several such “soft path”
mechanisms being employed to different degrees to combat
overuse. These include pricing structures to promote water use
efficiency; measurement of water usage; audits of commercial,
domestic, and industrial uses; water reuse and recycling; man-
agement of water system pressure; retrofitting and replace-
ment of water fixtures; promotion of water-efficient appliances;
improving infrastructure quality; conservation; and conserva-
tion education. As Gleick et al. (2002) showed, increased eco-
nomic growth does not always require increased water
development, but trends in management still reflect this tra-
ditional belief. In addition, there is mounting evidence that in
the fastest-growing regions of the West, increased storage (in
the absence of a full investigation of water supply reliability
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during drought) simply encourages increased development dur-
ing times of plenty as opposed to acting as a buffer for drought
(Luecke et al., 2003; Pulwarty, 2003).

A. Opportunities for Application of Climatic 
Information 

Managers have traditionally relied on the historical record in
order to plan for the future, inferring the probability that short-
ages and floods might occur given their frequency of occurrence
in the recent past. Problems are further compounded by lack of
agreement on definitions and concepts, such as “extraordinary
drought” and “optimal utilization.” Water managers in the basin
have developed tools for dealing with risk and uncertainty,
mostly derived from relatively short climatic records (<100
years). As is clear from numerous paleoclimatic records and
sources, climate has never been “stable” for long periods, even
if we have created statistical artifacts such as climate averages
and event recurrence estimations based on short records. For
example, in most parts of the Colorado basin, reliable flow
measurements for major streams have been recorded only over
the last 50–100 years and precipitation measurements over the
last 20–60 years. Water managers often lack even basic data on
water quantity and quality, the nature of climate variations,
and their impacts on water users and uses, and thus have little
basis for designing effective management programs (Jacobs and
Pulwarty, 2004). More specific forecasts are needed for different
regions and sectors to assist water managers in proactive plan-
ning. Climate forecasts are now available on biweekly, monthly,
and seasonal to interannual scales and are improving in skill
over time. Demand forecasts are equally important and need to
be undertaken for 5-, 10-, and 20-year horizons. Given recent
advancements in understanding climate variability and change,
it is clear that such projections must be made in the context of
the greater than 10 years timescales of climate variations that
exist in the Colorado system. Water managers have differing
needs for scientific information relative to the scale of manage-
ment, the type of decision being made, and the nature of the
decision (e.g., long-term investments vs. short-term operational
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decisions). In the case of a large watershed such as the Colorado,
these factors cross several time and space scales. However, on
the climate side, substantial work is still needed to increase
predictive capability (and appropriate applications) at the
regional scale, especially where there is substantial topographic
variability. Preliminary approaches have included both demon-
stration experiments in the use of climate information and
assessment of impediments to the flow of information in prac-
tical settings (Georgakakos, 2002; Pulwarty and Melis, 2001).
At the level of small watersheds it becomes extremely important
not to oversell the precision of forecasts at the expense of being
clear about their accuracy. Thus scaling up from local data is
as important as scaling down from globally forced regional mod-
els.

VI. PRESENT CONDITIONS ON THE 
COLORADO: SITUATION “NORMAL” = 
SITUATION “CRITICAL”

The U.S. Geological Survey has confirmed that the 1999–2004
period is the driest in the almost 100 years of recorded stream-
flow history of the Colorado River. Lake Powell was full (24
maf) in 1999. With below-average snowfall in March 2004,
the estimated Colorado River inflow into Lake Powell for 2004
is at 50% of average (Bureau of Reclamation, 2004). In April
2004 the lake was at 10.2 maf (about 42% capacity), a level
not seen since 1971, when the lake was still being filled; Lake
Mead was at 59% capacity. Given current demand, an average
inflow year will increase system storage by only about 3% per
year. Even if Lake Powell does not empty, Bureau of Recla-
mation officials estimate that it will take a minimum of 13
years to refill with average precipitation (Keys, 2003).

The delivery obligation to the Lower Basin is fixed. If
Lake Powell were to dry up, then cuts might have to be made
to western slope transfers to the Front Range. Colorado, for
instance, uses about 2.5 maf of water a year, of which about
0.5 maf is transferred to the growing Front Range through
inter-basin diversions from the Colorado to the South Platte
and Arkansas Rivers. Colorado could “theoretically be respon-
sible for 51.75% of any shortfall” (J. Lochhead, Denver Post,
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April 2, 2004). At the present rate of runoff (over the past 5
years), hydrologists estimate that Lake Powell could be dry
by 2007. For the first time since Hoover Dam was built in the
1930s, the states that depend on the Colorado are preparing
for the possibility of shortages. Without an alternative plan,
Arizona v. California 1963 could trigger measures that would
significantly reduce Arizona’s water from the Colorado. The
spatial extent and persistence of the present drought may be
such that the Upper Basin may not be able to produce the
Lower Basin requirements without cuts of its own, as required
by the 1922 compact.

The massive plumbing network built to serve the explod-
ing population of western states has removed much of the
buffer that was available in earlier decades. The grace period
would be about 2 to 3 years at the current inflow rate before
the Secretary of the Interior declares a shortage. As noted by
one legal scholar with a long history of involvement in western
water resource issues, “if we think that we have more Colo-
rado River water to develop then we had better think again”
(David Getches, Denver Post, April 2, 2004). The complex set
of compacts, congressional acts, and case law that governs the
river has never been tested by the kind of extended drought
that Lake Powell, Lake Mead, and the other reservoirs were
designed to guard against. According to Bennett Raley (Assis-
tant Secretary, Department of the Interior, Denver Post, April
4, 2004), “The crises we face will be (in) normal years and
they will be about meeting existing demands … the fight is
no longer about water decades into the future.”

VII. CONCLUSION

An overarching question throughout this chapter has been
“Are assumptions about planning in the Colorado basin borne
out by the climate record and by projections of change?” The
answer would have to be “No.” Representatives from the seven
basin states have, at least recently, recognized that there is
a finite time for response (see New York Times, May 2, 2004;
Department of the Interior, 2003).

Extreme events are the chief drivers of water resources
system adjustments to environmental and social change. How
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well water systems handle the extreme tails of current or
altered climate distributions is likely to be an overriding con-
cern as systems become more constrained. The behav-
ioral/institutional problem is that decision makers at different
levels of governance, researchers, and resource managers
have difficulty anticipating how complex systems will respond
to environmental stresses and may not have the flexibility to
respond when they do understand key areas of vulnerability.
Historically, water banking and inter-basin transfers have
been used to mitigate the effects of short-term drought in the
Colorado basin. The lessons and impacts of these adjustment
strategies are still being gathered. However, the maintenance
of supply during periods of severe long-term droughts of 5–10
years to multiple decades (the timescales of development,
project implementation, and ecosystem management efforts),
known to have occurred in the West over the past 1000 years,
is as yet untested but may be so in the very near future.

A major stumbling block for comprehensive water man-
agement is the adversarial relationship that usually develops
between upstream and downstream users of water. Even in
areas where integrated approaches were adopted, cooperation
remains mainly crisis driven, inhibiting iterative, long-term
collaboration and learning. As noted above, although oppor-
tunities for “win–win” situations and rule changes exist, such
changes are extremely difficult to implement. The experience
of development of the Colorado in the face of environmental
uncertainty clearly illustrates that impacts and interventions
can reverberate through the systems in ways that can only
be partially traced and predicted. The failure to consider the
system implications of policy and environmental changes can
mean that policies actually have long-term counterproductive
effects that can decrease rather than increase system perfor-
mances for economy and environment (Innes and Booher,
2003). A similar observation from the disasters research com-
munity is that short-term adjustments to extreme events can
increase and have increased longer term vulnerability (Com-
fort et al., 1999). Recommendations based on technocratic
interventions or economic efficiency must be conditioned
within the practical ranges of choices actually available to
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decision makers, cognizant of legal and cultural constraints.
Developing a good understanding of the climate-sensitive pol-
icy decision environments is one of the most difficult chal-
lenges to developing effective interventions of science and
technology and of cooperative strategies.

Varady and Morehouse (2003) point out that what is
distinctive about the Colorado is that the inclusion of stake-
holders in water management policy has become the norm.
However, as the noted water resource economist Charles
Howe (personal communication) observes, regardless of how
robust civil-society institutions may be, severe drought (or
flooding) usually exposes underlying institutional barriers to
effective cooperation. Major increases in natural resource
demands on either side of a border (from population, industry,
or commerce, or some combination of these factors) often
confront contradictions embedded in notions of sovereignty,
local control, or other such institutional arrangements. Thus
for large river basins the goal should not be to emphasize
some particular scale of analysis (e.g., local, regional) or
approach such as decentralization or centralization, at the
expense of other or competing problem definitions. The goal,
instead, should be to uncover what is needed at each of these
scales and to address impediments and opportunities to the
flow of information and innovations between the decision-
making nodes.

Most decision makers engaged in cooperative strategies
addressing water scarcity have repeatedly stated the need for
integrated management of existing supplies and infrastruc-
ture (see Frederick et al., 1996). To provide the best available
information for decision support for managing crises or at
least providing acceptable outcomes in such situations, we
repeat two recommendations made in numerous fora through-
out the West (see Pontius, 1997; Szekely, 1992, 1993; and
others). The first is the need for a centralized and integrated
data center for the Colorado River basin. Such a center should
be established to (1) collect and provide a comprehensive,
reliable, scientific and economic, demographic, and cultural
database, including use patterns, economic activity and pro-
ductivity by sector, environmental health statistics, and other
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critical data; (2) produce syntheses of best available knowl-
edge about interactions between climate/hydrology and water
resource supply and demand along the border; and (3) develop
an evaluation of socioeconomic data and projections of socio-
economic and demographic changes over the next 25 years in
terms of potential impact on water supply and demand.

As Wilhite repeatedly warns, reactive mechanisms such
as drought relief do little if anything to reduce the vulnera-
bility of the affected area to future drought (see, e.g., Wilhite
et al., 2000). Thus, if the outcomes of the above recommenda-
tion are to prove useful, then a receptive decision environment
coordinated by a council with oversight of the entire basin
would be advantageous. This second recommendation—the
formation of a Colorado River Basin Coordinating Coun-
cil—has been suggested before (Getches, 1997; Weatherford
and Brown, 1986). Such a council could be self-supporting
from hydropower revenues and water delivery charges, among
other things (McDonnell and Driver, 1996). It could emerge
only from an evolutionary process (Pontius, 1997). Crisis can
create political consent or act as a catalyst for change even
while crisis management itself is usually ineffective in the
long term. The impetus of the recent drought has not only
focused attention on the disturbing water resource trends at
different scales of use, but also illuminated the shortcomings
of the existing water management frameworks, which were
effectively designed but for a different era.
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I. INTRODUCTION

The water resources of Canada and the United States have
been heavily modified and intensively managed to serve a
variety of human needs. Because most human activities and
ecosystem health depend on reliable, adequate water supplies,
droughts present a serious threat to water management.
Large-area droughts heavily impact a wide range of water-
sensitive sectors, including agriculture, energy production,
industry, municipalities, tourism and recreation, and aquatic
ecosystems. They often stress local and regional water sup-
plies by reducing streamflows, lowering lake and reservoir
levels, and diminishing groundwater supplies (Bonsal et al.,
2004).

Although droughts occur throughout Canada and the
United States, some of the most severe and widespread
droughts take place on the North American Great Plains, a
semiarid to subhumid area that experiences highly variable
weather. Severe droughts and heat waves occurred in this
region in 1988, 1990, and 2001–2002 (Bonsal et al., 2003;
Etkin, 1997). By contrast, droughts in eastern North America
are usually brief, cover a smaller area, and are less frequent
and severe (Koshida et al., 1999).

In Canada and the United States, laws and institutions
exist that govern allocation of water among competing uses
and define the rights and obligations of individuals and gov-
ernments with respect to particular water resources. Disputes
in transboundary watersheds along the Canada–U.S. border
are handled under the Boundary Waters Treaty of 1909. The
International Joint Commission (IJC), responsible for imple-
menting the treaty, is a quasi-judicial body comprising six
members, three appointed by each country. The IJC has two
main functions: (1) to review applications for changes in flows
and levels in boundary waters and issue Orders of Approval,
and (2) to provide nonbinding advice on any question brought
by governments (IJC, 1990).

Drought risk is a combination of a region’s exposure to
the drought hazard and its vulnerability to extended periods
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of water shortage. With dozens of watersheds currently being
shared between Canada and the United States, droughts can
exacerbate existing international water conflicts between the
two countries.

II. FUTURE THREATS AND IMPACTS

Vulnerability to drought is influenced by a wide range of
factors such as natural resource management policies, water
use trends, land use, urbanization, and government policies.
The current water management infrastructure has allowed
the citizens of both Canada and the United States to make
productive use of water and reduce the adverse impacts of
droughts and floods.

However, population growth and continuing urbanization
will affect the long-term availability of water supplies, future
levels of demand, and the longevity and robustness of water
supply and distribution infrastructure. Any changes in the
quantity, quality, or timing of water supplies could also pose
serious threats to human health and well-being.

Lack of clean water and sanitation services increases the
risk of infectious diseases such as diarrhea, Cryptosporidium,
Giardia, typhoid fever, hepatitis A, and cholera. Wastewater
could mix with water supplies, allowing bacteria, viruses, and
parasites to leak into drinking and cooking water and food.
A severe outbreak of a deadly strain of E. coli in Walkerton,
Ontario, in spring 2000, causing several deaths and thou-
sands of disease cases, was triggered by an extended period
of dry weather followed by heavy rains washing cattle fecal
matter into well water (Chiotti et al., 2002).

Droughts can exacerbate conditions by causing disease-
carrying rodents, such as deer mice that transmit Hantavirus,
to leave their natural habitats and move into populated areas
searching for food. Spring and early summer droughts were
also found to precede severe outbreaks of West Nile virus
(Epstein and Defilippo, 2001). During droughts, many sources
of water dry up and the remaining sources of water become
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gathering spots for birds, which become easy targets for mos-
quitoes.

Forests become more susceptible to fires during droughts.
Widespread bush fires in combination with low mixing heights
and light winds can result in severe air pollution episodes,
causing acute respiratory illness. Direct exposure to fires can
lead to burning injuries or death.

Climate and water are closely linked because the global
energy balance drives the distribution of moisture through
precipitation and evaporation. Available evidence suggests
that future climate change may lead to substantial changes
in mean annual streamflows and seasonal distributions of
flows. Climate change is expected to alter regional hydrologic
processes and thus modify the quantity, quality, and timing
of water resources. But the greatest impacts of climate change
will likely be caused by an increase in the frequency and
intensity of extreme events, such as droughts and floods
(Cohen et al., 2001; Koshida et al., 1997).

III. CASE STUDIES

How has drought risk been managed in Canada–U.S. trans-
boundary watersheds? The following three regional case stud-
ies illustrate past water management successes, controversies,
and failures. Climate change impacts on water resources in
Canada and the United States are expected to be significant.
The question for water resource managers is whether the
impacts of climate change will be large enough and will occur
rapidly enough to require measures to be taken to adapt to
their effects.

The case studies will use specific climate change scenar-
ios and illustrate how principles of adaptive management can
be incorporated to reduce a region’s vulnerability to future
climate extremes, including drought.

The scenario-generating technique most commonly used
in climate change impact assessments is based on general
circulation models (GCMs). In the scenario-generating pro-
cess, the 30-year simulation period from 1961 to 1990 is used
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as the reference climate from which “change fields” for future
periods are calculated. Most scenarios are calculated for the
years 2020, 2050, and 2080. Three of the most popular GCMs
are CGCM2 (Canada), CSIRO (Australia), and HADCM3
(United Kingdom) (Bruce et al., 2003).

A. Okanagan Basin

The Okanagan basin is located in the southern interior of
British Columbia, Canada, situated around Okanagan Lake
(Figure 1). The surface area of the basin is 8200 km2 (Cohen
and Kulkarni, 2001). The Okanagan has a dry continental
climate, because the valley sits in the rain shadow of the Coast
and Cascade Mountain ranges. The semiarid climate receives
approximately 30 cm of precipitation each year, of which 85%
is lost through evapotranspiration from local lakes. The

Figure 1 Okanagan and Columbia River basins.
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hydrology of the basin is largely snow dominated, with much
of the water that enters the lakes and Okanagan River orig-
inating from high-elevation regions (Cohen and Neale, 2003).
The quality of water from these is generally good, but out-
breaks of both Giardia and Cryptosporidium have occurred
in valley communities (Cohen and Kulkarni, 2001).

The Okanagan region has become the most prominent
location for 90% of soft fruit orchards and 95% of vineyards
in British Columbia. The arid Okanagan summers are bene-
ficial for fruit development but provide insufficient moisture,
so irrigation is steadily used to support the growing crops.
The region’s extensive natural resources also contribute to its
thriving tourism industry (Cohen and Kulkarni, 2001).

The Okanagan River flows south from British Columbia
into Washington State, where it eventually meets the main
stem of the Columbia River. The Columbia has been the sub-
ject of detailed case studies on the implications of climate
change for water resources and water management (Hamlet
and Lettenmaier, 1999; Miles et al., 2000; Mote et al., 1999).

The Okanagan basin presents an interesting forum for
exploring water allocation and licensing given its semiarid
climate; its growing population, which has nearly doubled
since the 1970s (Embley et al., 2001); and the importance of
irrigation to the regional economy. The drought of 2003
exposed some vulnerability in the Okanagan basin, as illus-
trated by the emergence of local water conflicts (Moorhouse,
2003) and the implementation of emergency conservation
measures (Watershed News, 2003a, 2003b).

There are more than 4000 active water licenses in the
Okanagan basin, representing approximately 1 billion m3 of
allocated water on 980 streams for both consumptive and in-
stream uses. Around 45% is allocated for consumptive pur-
poses, where water is removed from the source. Approximately
two-thirds are allocated for the purposes of “irrigation” and
“irrigation local authority.” A majority of streams within this
basin are already fully allocated.

Since 1997, a number of studies have been initiated on
climate change, climate impacts, and adaptation within the
Okanagan region (Cohen and Kulkarni, 2001; Cohen and
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Neale, 2003; Cohen et al., 2000; Cohen et al., 2004; Merritt
and Alila, 2004; Neilsen et al., 2001; Shepherd, 2004. The
climate change scenario for the 2050s that appears to be
emerging is as follows:

• A warming, relative to the 1961–90 baseline, of 1.5–4ºC
in winter with precipitation increases on the order of
5–25%; for summer, a warming of roughly 2–4ºC and
precipitation changes ranging from almost no change
to a 35% decrease

• An earlier spring freshet of around 4 weeks, with
reductions of annual and freshet flow volumes; for
example, annual volumes for the Ellis reservoir near
Penticton decline 20–35%

• An increase in crop water demand, due to warmer
growing conditions, of 20–35% for the region as a
whole; estimated increases of 20–40% for Oliver, near
Osoyoos (D. Nielsen, personal communication)

This combination of a longer and warmer growing season,
reduced water supply, and increased crop water demand rep-
resents a new average state for Okanagan water resources
for the 2050s, and this suggests an increase in the frequency
and severity of dry years with conditions likely to be consid-
ered as drought. This scenario does not assume any particular
adaptation strategy, nor does it assume any changes in man-
agement practices in agriculture or among other regional
bodies (municipalities, water agencies, fisheries interests,
etc.). It does establish a “what if” context for consideration of
possible options for adaptation.

A number of demand-side and supply-side options can
be considered, including additional withdrawals directly from
Okanagan Lake and the Okanagan River to augment with-
drawals from the tributary streams and groundwater. Costs
vary widely; from CAN$500 to CAN$3400 per acre-foot, and
no single option would appear to be sufficient (see Cohen and
Neale, 2003).

Previous discussions with regional stakeholders (see
Cohen and Kulkarni, 2001) revealed no clear preference.
Increased storage in upstream areas, buying back some exist-
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ing water licenses, metering, and public efforts to reduce
demand for water (e.g., through xeriscaping residential areas)
are ideas that appear to have some support. There has been
some recent experience with instituting metering in the city
of Kelowna and in the Southeast Kelowna Irrigation District
(Shepherd, 2004). Plans are underway for a new round of
dialogue exercises with regional interests to consider how an
adaptation portfolio might be developed and implemented
(Cohen and Neale, 2003).

It is also conceivable that changes to operating rules
could become part of an adaptation strategy to address the
climate change scenario being considered here. Flow near the
transboundary border is controlled by the Zosel Dam, built
on the U.S. side just south of Osoyoos Lake and regulated by
the IJC’s Osoyoos Lake Board of Control. The Penticton Lake
Dam controls outflows from Okanagan Lake. And several key
reservoirs (such as Ellis reservoir) provide storage in the
upstream areas.

This case represents an important opportunity to explore
climate change adaptation in a proactive manner and in the
context of ongoing planning processes that are a normal part
of regional and local governance.

B. Poplar and Red Basins

The Poplar River (Figure 2) rises in Saskatchewan and flows
southward, joining the Missouri River at Poplar, Montana.
Roughly one-third of the basin is in Canada. The entire sur-
face area of the basin is only 8620 km2. Because annual
evapotranspiration usually exceeds precipitation, the climate
is considered semiarid. The mean annual flow of the Poplar,
where it joins the Missouri, is 3.8 m3/s, about three-quarters
of that occurring as spring snowmelt runoff (IJC, 1978). This
is equivalent to only 13 mm on the surface area of the basin.
Significant variations in flow occur both within years and
between years. At the international boundary, the natural
flow of this river ranges from zero in the summer and autumn
months to the record high monthly maximum of 19.9 m3/s in
April 1952. Since the 1990s, the maximum streamflow has
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shifted to March instead of April (Environment Canada,
2002).

The sparsely populated Poplar basin is primarily agri-
cultural. The main water uses are irrigated agricultural land
in Montana and cooling of a thermal electric generating sta-
tion in Saskatchewan.

The Red River (Figure 2), known officially as the Red
River of the North in the United States, originates as the
Otter Tail and Bois de Sioux Rivers in Minnesota and South
Dakota, respectively, and flows northward into Canada, form-
ing the boundary between Minnesota and North Dakota. In
Canada, the river flows into Lake Winnipeg, the ninth largest
lake in the world, and then to Hudson Bay via the Nelson
River. Almost 90% of the 116,500 km2 basin, exclusive of the
Assiniboine River, lies in the United States, largely in North
Dakota and Minnesota.

Figure 2 Poplar, Red River, and Great Lakes basins.
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The Red River basin has a subhumid to humid continen-
tal climate. Runoff is dominated by spring snowmelt and
varies within and between years. Flows can vary from near
zero to more than 3000 m3/s. The most recent low-flow years
occurred in the late 1980s and early 1990s (Environment
Canada, 2002).

Water uses in the Red River basin are generally for
municipal, rural, and industrial purposes (Krenz and Leitch,
1998). The basin supports an extensive and prosperous dry-
land agricultural industry. The basin is also home to approx-
imately one million people.

Because of the continuing potential for water use con-
flicts along the Canada–U.S. transboundary, streams that
cross the international boundary are closely monitored. An
example of a historic water use conflict on the Poplar occurred
in 1972. The Saskatchewan Power Corporation applied for
water rights on the East Poplar River to support the operation
of a thermal electric generating station. This required the
construction of a reservoir capable of retaining 40 million m3

of water, roughly 35% of the mean annual flow in the basin.
As a result of an IJC investigation (IJC, 1978), the waters

of the Poplar River are apportioned between Canada and the
United States. The IJC’s apportionment recommendations
(adhered to but not formally accepted by the two countries)
call for the waters of the basin to be divided equally between
the two countries but for an asymmetric distribution among
the three tributaries to accommodate the cooling water
requirement on the East Poplar.

The transboundary effects of the generating station are
monitored by a binational committee (Poplar River Bilateral
Monitoring Committee [PRBMC]). These effects relate to
groundwater and to surface water quality. Several water qual-
ity parameters are monitored, particularly boron and total
dissolved solids, and compared to water quality objectives
designed to prevent harm to existing water uses in the United
States (PRBMC, 2002).

Recently, flooding has been the key issue on the Red River
basin (IJC, 2000), but the basin has experienced droughts as
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well. Although no formal international agreements exclu-
sively cover the Red River (Bruce et al., 2003), concerns that
untreated or poorly treated municipal and industrial effluents
entering the Red River from the United States may be impair-
ing water uses in Canada led to a limited set of agreed-upon
water quality objectives at the international boundary in
1969. The IJC established a board, now known as the Inter-
national Red River Board (IRRB), to administer the objectives
and report to governments (IRRB, 2002).

Canada has also expressed great concern regarding the
potential effects, in particular on the aboriginal and commer-
cial fishery of Lake Winnipeg, of proposed North Dakota water
projects such as the Garrison Diversion Unit on Canadian
waters. The proposed projects divert water from the Missouri
basin to the Hudson Bay basin, and the concern is two-fold:
degradation of water quality and the introduction of invasive
species (IJC, 1977; Kellow and Williamson, 2001).

Multi-decadal droughts occurred in the region before
European settlement. Lake salinity records covering 2000
years are used as proxy drought data for Moon Lake, North
Dakota (Liard et al., 1996). The records indicate that multi-
decadal droughts occurred before AD 1200 but not in subse-
quent years. Further evidence (Sauchyn and Beaudoin, 1998)
indicates that the 20th century was relatively benign clima-
tologically and confirms that decade-long droughts occurred
before European settlement. Rannie (1999) identifies only two
3-year droughts in the pre-instrumental historical record
(1793–1870) for the Red River: 1816–18 and 1862–64.

In more recent times, droughts have affected water use.
For example, during a prolonged dry period beginning in 1987,
groundwater pumping was used to mitigate decreased volumes
and degraded water quality of the Cookson reservoir in the
East Poplar River (PRBMC, 2002). The societal impacts of the
recent droughts (1987–88 and 2000–02) have not been thor-
oughly documented for the Poplar and Red basins. The flows
of both streams were severely reduced during the late 1980s,
with effects on agricultural production and municipal and
industrial water supplies, and decreased assimilative capacity.
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Although both the Poplar and Red basins are susceptible
to drought events, no comprehensive drought management
plans exist for either basin. The primary public and institu-
tional response to Red River water quantity problems is to
augment supply through importation from the Missouri basin
(Fargo Forum, 2003).

Future climate change will have an impact on available
water in both the Poplar and Red basins. The Poplar basin is
projected to have a 2–4ºC temperature increase by the 2050s
from the 1961–1990 averages. By the 2080s, the basin’s tem-
perature is projected to increase by 3–6ºC. The CGCM2 and
CSIRO model runs indicate that the majority of the warming
will be in the winter and spring whereas the HADCM3 indi-
cates that the summer and fall seasons will have the largest
amount of warming. Precipitation amounts are expected to
increase on an annual basis in both the 2050 and 2080 periods.
However, the summer season is projected to have less precip-
itation than what was received in the 1961–1990 period
(Canadian Institute of Climate Studies, 2003).

The Red River basin is projected to have a temperature
increase of 2–4ºC in the 2050s and 3–7ºC in the 2080s. Annual
precipitation values are expected to be below the 1961–1990
values for the 2050 and 2080 periods for the CGCM2 and
CSIRO model runs and close to the 1961–1990 values for the
HADCM3 model. The largest decrease in precipitation is pro-
jected to be in the summer (Canadian Institute of Climate
Studies, 2003).

The result of these climatic changes will be that the
prairies, on average, will likely experience significantly
reduced spring runoff with the possibility of more severe sum-
mer rainfall events. Decreased water availability will lead to
greater likelihood of transboundary conflicts concerning water
use.

There are a number of potential consequences for the
Poplar basin. First, on-farm water demands could increase.
Canadian demands could match or exceed the entitlement
under the current apportionment arrangement. Irrigation
water demands in the United States, as well as other on-farm
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demands, would likely increase. Water use in the United States
may be further affected by Montana water rights administra-
tion. Under the principle of prior apportionment (Lucas, 1990;
Wolfe, 1996), the water rights associated with the Fort Peck
Indian Reservation are senior rights, and the needs of the
reservation (IJC, 1978) must be met before those of irrigators
between the reservation and the international boundary. The
response to such a situation could be to attempt to renegotiate
the apportionment arrangement with Canada at a time when
Canadian farmers are also facing water shortages.

Second, a suite of potential problems is associated with
the generating station in Canada. Under drought conditions,
the quantity of cooling water in Cookson reservoir would be
insufficient to cool both units at the generating station. There-
fore, as reservoir water temperatures increase, the plant must
be de-rated. Further, during periods of low inflow, the water
quality in Cookson reservoir steadily degrades through evap-
oration until it may exceed the water quality objective for
total dissolved solids, and thus affect use of the water released
to the United States.

The onset of prolonged droughts in the Red River basin
as projected with climate change scenarios will lead to
increased water demands for municipal and industrial pur-
poses. The communities in the Red River basin in the United
States are abundant water users, with per capita use in Fargo
much greater than that in Winnipeg or desert cities such as
Tuscon (Fargo Forum, 2001; D. Griffen, personal communica-
tion, 2001). One could assume that the effects of drought may
be met through water conservation.

There may also be a problem with the lower flows in the
Red River and its ability to assimilate municipal wastewater,
especially considering the large population along the river.
The quantity of water may become an issue even with urban
conservation measures. At present, irrigation water demand
in the basin is minor, but an increase in irrigation develop-
ment on account of drought would have a profound effect on
water supplies. Irrigation return flows may also affect water
quality.
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An increase in water demand of that magnitude would
lead to Canadian pressure to formally apportion the waters
of the Red River between the two countries, as is done for
other prairie basins. This task would be complex of itself
because North Dakota and Manitoba administer water rights
on the basis of prior apportionment, but Minnesota uses ripar-
ian water law (Lucas, 1990). More important, increased water
demands on the Red River may well lead to increased pressure
to divert water from the Missouri River to meet agricultural
and other needs in North Dakota, rather than curtailing
water uses as would be required under apportionment or
conservation measures. This pressure to divert water raises
concerns over degradation of water quality and the introduc-
tion of invasive species.

C. Great Lakes Basin

The Great Lakes—Superior, Michigan, Huron, Erie, and
Ontario—contain approximately 18% of the world’s freshwa-
ter (Government of Canada and the U.S. Environmental Pro-
tection Agency, 1995). This leads to a perception of an
extraordinary abundance of water. Yet, only 1% of the water
in the Great Lakes is renewable on an annual basis; the rest
is a legacy of deglaciation (Gabriel and Kreutzwiser, 1993).

The Great Lakes basin (including St. Lawrence River to
Trois Rivières) contains the Canadian provinces of Quebec
and Ontario and eight U.S. states (Minnesota, Wisconsin,
Michigan, Illinois, Indiana, New York, Ohio, and Pennsylva-
nia) (Figure 2). It is home to roughly one-quarter of the Cana-
dian population and one-tenth of the U.S. population. The
lakes play an important role in Canada and the United States,
providing resources and opportunities important to many sec-
tors of the region, including agriculture, forestry, fisheries,
recreation and tourism, domestic and industrial water
sources, navigation, and hydropower.

Before about 1950, a number of water diversions into, out
of, and within the Great Lakes–St. Lawrence system were ini-
tiated and many continue today. The Long Lac and Ogoki
diversion brings water into the basin from the Hudson Bay
watershed and has a mean flow of 159m3/sec. The diversion
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at Chicago, transferring water from Lake Michigan to outside
of the Great Lakes basin, is 91m3/sec. The Welland Canal
(9400 cfs) and New York State Barge Canal (1070 cfs) transfer
water from Lake Erie to Lake Ontario (Cuthbert and Muir,
1991).

A period of low levels occurred in the Great Lakes between
the 1930s and the 1960s, followed by a period of high water
levels between the 1970s and the late 1990s (see Figure 3).

In 1998, drought conditions began within the Great
Lakes basin. Although water levels in Lakes Michigan-Huron
were quite high, the annual Palmer Drought Severity Index
(PDSI) was beginning to dip below the threshold of –3 to
indicate a severe drought was imminent (Figure 4). The fol-
lowing year, 1999, water levels began to drop, ending the
period of high water levels that had been characteristic of the
lakes since the early 1970s. In 2000 and 2001, water levels
were significantly below average, reaching levels that were
last seen during the drought of the 1960s. The PDSI for 2000

Figure 3 Timeline of Great Lakes diversions and Lake Michi-
gan–Huron annual average water levels for 1920–2002. (Modified
from Changnon and Glantz, 1996.)
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reached extreme drought levels and gradually receded to
severe drought levels in 2001. Water levels reached borderline
extreme negative levels in 2002, and the PDSI returned to a
normal level.

Drought conditions can influence the viability and func-
tionality of the Great Lakes basin and affect many sectors.
Table 1 lists several examples. 

Many Great Lakes provinces and states have developed
state- and province-wide drought management and mitigation
plans with varying degrees of detail: Ontario (2000), Illinois
(1983), Indiana (2002), Michigan (1988), Minnesota (1993),
New York (1982), Pennsylvania (2001), and Ohio (1994) (Com-
monwealth of Pennsylvania—Department of Environmental
Protection, 2001; Illinois State Water Plan Task Force, 1983;
Indiana Department of Natural Resources, 2000; Michigan
Department of Natural Resources, 1988; Minnesota Depart-
ment of Natural Resources, 1993; New York State Drought
Management Task Force, 1982; Ohio Emergency Management
Agency, 1994; Ontario Ministry of Natural Resources et al.,
2001). (The drought plans for the U.S. states listed are better

Figure 4 Annual Palmer Drought Severity Index for Gore Bay,
Ontario, 1930–2002.
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defined as drought response plans rather than drought man-
agement plans. They certainly have little emphasis on
drought mitigation.) Many plans are 10 years old or older.
Common components include assessment tools (drought trig-
gers), water conservation and drought contingency planning
legislation and policy, water allocation or supply methods,
public education, and emergency response procedures.

Most jurisdictions focus on increasing resilience to
drought by improving conservation, and securing supplies
from groundwater, reservoirs, and small lakes. The Michigan
plan explicitly does not support diversions outside the basin.
It sees diversions as creating an unalterable dependency on
Great Lakes water by out-of-basin users, which threatens the
continued availability of water for Great Lakes uses. The New
York plan identifies the southeastern portion of the state as
vulnerable to critical water shortages under extreme drought.
Although the primary focus is securing local water sources
and conservation, two potential long-term, 22m3/sec water
transfer projects were identified. They include the New York
Barge Canal system with the Finger Lakes and Lake Cham-
plain diverted into the Hudson River and a Great Lakes
diversion to the Hudson River via the Black River system.

Diversion of water out of the Great Lakes is an extremely
sensitive inter-jurisdictional issue. In the United States, legal
precedent in the 1980s on water controversies in Wyoming,
Idaho, Oregon, and Colorado has made interbasin transfer
legally possible. The 1985 Great Lakes Charter is an institu-
tional framework designed to deal with requests for diversion
and export of water. Although not a legally binding document,
its signatories (all seven Great Lakes states and two Cana-
dian provinces) commit to consult on major new or increased
diversion or consumptive use of Great Lakes basin water. The
proposed diversion or export will be disallowed if significant
adverse impacts to lake levels, in-basin uses, and the Great
Lakes are expected.

Population growth, urbanization, security and quality of
water supply, power generation, transportation, international
markets for water, and water levels as well as drought are
key drivers in creating water controversies. During the low-
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water period in 1965, downstream and upstream interests
and various water users were in conflict. For example, Mon-
treal Harbour interests charged that Ontario Hydro was hold-
ing back water for future use and affecting navigation on the
St. Lawrence River. Meanwhile, boating and shoreline inter-
ests on Lake Ontario thought levels in Montreal Harbour
were being maintained at their expense and Ontario Hydro
was discharging more water downstream to produce power
than what was entering the lake. Although the IJC regulation
plan for managing the outflows from Lake Ontario was devel-
oped to accommodate sequences of water supplies from 1860
to 1954, the 1960s drought and the high supplies of the 1970s
and 1980s challenged the ability of the plan to accommodate
all requirements of multiple interests.

Many communities view the waters of the Great Lakes
as a valuable resource. Lowell, Indiana, just outside the Great
Lakes watershed limits, proposed a pipeline to access Lake
Michigan water to improve drinking water quality and expand
municipal services, but it was vetoed by Michigan in 1992 as
contrary to the Great Lakes Charter. Many small local out-
of-basin transfers of water have been proposed, but all have
been denied because they set a precedent and have potential
cumulative impact on the lakes.

In 1998, the Province of Ontario granted a permit to take
water to the Nova Corporation for the removal of Lake Supe-
rior water (up to 600 million liters per year over a 5-year period)
for export to Asian markets via large tanker ships. An outcry
ensued, including the U.S. government, environmental orga-
nizations, and native groups (National Post, 1998). The permit
was later rescinded, but the incident initiated a process to
amend the Great Lakes Charter with a legally binding annex
to prohibit withdrawals of large quantities of water without
notice and consent; the annex also required the development
of standards for review of proposals, public participation, and
dispute resolution. Bulk water transfer is a serious issue,
where project approval could trigger the interpretation that
water is a commercial commodity subject to unrestricted trade
under international agreements (Bruce et al., 2003).
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In 1900, Chicago constructed a canal to divert Lake Mich-
igan water to drain the sewage down the Illinois River and
prevent water-borne disease outbreaks. During the 1930s, the
Illinois River was developed as a navigation link between
Chicago and the Mississippi River. The conflict between Illi-
nois and other states over the continuously increasing diver-
sion and its perceived impact on lake levels was taken to the
U.S. Supreme Court, which set the diversion at 91m3/sec.
Drought has precipitated a number of out-of-basin transfer
proposals. In 1936–1938, record low flow in the Mississippi
River motivated Illinois and states along the river to request
an increase in the diversion; the Supreme Court refused. A
special 76-day increase in the flow to the Mississippi River
was allowed during the drought of 1953–1956. During the
1988 drought, Illinois requested a diversion of 283m3/sec for
100 days for navigation but was defeated by other Great Lakes
states and Canada. During high water levels, the Corps of
Engineers was authorized in 1976 to study the effects of a
diversion increase to help alleviate high water levels (Chang-
non, 1989; Changnon and Glantz, 1996) (Figure 3).

Climate change may result in less water in the Great
Lakes Basin, including significant reductions in groundwater
levels, streamflow, and lake levels (Bruce et al., 2003; Kunkel
and Changnon, 1998; Lofgren et al., 2002; Mortsch and Quinn,
1996; Mortsch et al., 2000).Also, within the North American
context, some regions may have less reliable and reduced
water supplies in the future. Climate change effects on water
and transboundary issues could unfold in the following con-
texts:

1. Inland communities with diminishing supplies from
groundwater and streams and declining water qual-
ity will want access to Great Lakes water.

2. Regulation plans were not designed to accommodate
the low net basin supplies and connecting channel
flows with climate change scenarios (Lee and Quinn,
1994). It will be challenging to balance the many
interests if there is insufficient water.
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3. The Niagara River Treaty allows equal apportion-
ment of Niagara River flows between Canada and the
United States for hydroelectric generation. As of
2000, the treaty can be reopened for negotiation.
Should the amount of water in the Niagara River
become seriously reduced because of climate change,
apportionment could become a point of negotiation
between the two countries (Bruce et al., 2003). Can-
ada may want credit for the Ogoki-Long Lac diversion
at more generation sites and the Chicago diversion
debited to the U.S. side.

4. Although potential water demands from the U.S.
southwest are more apparent and the Chicago diver-
sion could be expanded, the demand from cities such
as New York and Philadelphia may be an additional
diversion pressure (Changnon, 1994; Changnon and
Glantz, 1996).

Increasing numbers and fractiousness of inter-jurisdic-
tional conflicts over the quality and availability of water
resources seems highly probable (Bruce et al., 2003). It is
uncertain whether the Great Lakes Charter will be a success-
ful instrument for the Great Lakes states and provinces to
protect their shared water resources from diversion pressures.

IV. CONCLUSIONS

The regional case studies have shown that past water short-
ages caused by drought conditions can affect the quantity and
quality of water available to multiple users. The preparedness
of these watersheds for past and future drought conditions is
mixed. Although both the Poplar and Red River basins are
susceptible to droughts, no comprehensive drought manage-
ment plans exist for either watershed. By comparison, many
provinces and states in the Great Lakes basin have developed
state- and province-wide drought management plans.
Although most jurisdictions focus on increasing resilience to
drought by improving water conservation and securing addi-
tional water supplies, there is no indication that these drought
management plans have had a significant effect on reducing
the region’s vulnerability to drought.
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Demands for water diversions or intra-basin transfers of
water are expected to grow in the future. In developing future
water management policies, water managers can no longer
assume that the climate will remain constant. Climate change
scenarios suggest longer and warmer growing seasons,
reduced water supplies, and increased water demands. The
frequency and severity of climate extremes such as droughts
are also expected to change in the future. Sustainable man-
agement of water resources in these watersheds will require
water managers to choose areas of priority within the con-
straints of existing supplies, legislation, and international
agreements.

Although there is a growing consensus on the potential
implications of climate change for water resources throughout
the world (Arnell et al., 2001), including North America
(Lettenmaier et al., 1999; Natural Resources Canada, 2002),
linking such concerns to water management requires addi-
tional mechanisms to explore and test, in a virtual sense,
specific options that would work within the context of regional
development plans.
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I. PHYSIOGRAPHIC CONDITIONS AND 
WATER RESOURCES

A. Physiographic and Climate Conditions

1. Physiography

China is located in the southeastern part of the Asian conti-
nent. Its total area is 9.6 million km2, which accounts for 1/15

of the total land area of the earth. Topographically, China is
divided from east to west into three areas consisting of plains,
plateaus, and high mountains, which form a slope inclining
toward the Pacific Ocean, with all major watercourses flowing
from west to east. The highest area is the Qinghai-Tibet
plateau, with an elevation higher than 4000 m and numerous
mountains, valleys, and lakes. It is the source area of the
Yangtze and Yellow rivers. The area to the north of the Qing-
hai-Tibet plateau and the eastern part of Sichuan Province,
with an elevation of 1000–2000 m, constitutes the second area
of China. It is composed entirely of plateaus and mountains.
The Daxing’an, Taihang, and Wushan mountains and the area
to the east bordering the Yunnan-Guizhou plateau up to the
coastal areas of China constitute the third area, where the
hills and plains crisscross each other. Most hills are less than
1000 m, and the elevation of the coastal plain areas is less
than 50 m.

The low coastal plains and hills of eastern and southern
China make up 41% of the total area of the country and are
densely populated, with about three-quarters of China’s pop-
ulation. The principal plains are the northeast plain, the
north China plain, and the middle and lower Yangtze River
basin plain.
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2. Climate and Precipitation

The vast eastern area and most of the south are affected by
the eastern Asia monsoon climate. During the summer sea-
son, these areas are affected by the oceanic air current, and
in winter the continental air current prevails. This results in
dry winters and wet summers. The summer monsoon plays
an important role in the formation of rainfall for various
regions of the country. About 60–80% of the total precipitation
falls during the 4 months of the rainy season.

Rainfall is unevenly distributed throughout the country,
ranging from an annual average rainfall of 2000 mm at the
southeast coast to 200–400 mm in the northwest. This uneven
spatial and temporal distribution has caused repeated natural
calamities in China. The average annual precipitation in the
mainland has been estimated at 648 mm; that is equivalent
to a volume of 6189 billion m3 (Department of Hydrology,
Ministry of Water Resources, 1992).

B. Water Resources

1. Surface Water

The average annual runoff of all the rivers in China has been
estimated at 2,711 billion m3, equivalent to the mean runoff
depth of 284 mm. China’s total annual runoff ranks sixth in
the world, after Brazil, the former U.S.S.R., Canada, the
United States, and Indonesia. However, the per capita amount
of runoff—estimated at 2,134 m3/year—is only about a quarter
of the world mean. The availability of water per hectare of
cultivated land is estimated at 28,000 m3, which is about two-
thirds of the world average.

Water resources in China are characterized by uneven
regional distribution (Table 1). The runoff of the Yangtze River
and the river systems in the south accounts for 81% of the total
runoff in the country, whereas the runoff of the large rivers to
the north of the Yangtze River is only 14.4% of the total runoff.

2. Groundwater

The groundwater in China is classified as two types, based
on the recharge characteristics. Shallow aquifers hydrologi-
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cally and hydraulically interconnect with river flows and
recharge by local precipitation. These aquifers serve as the
major source of base flow of the rivers. In the low-lying areas
of China, groundwater from shallow aquifers is widely used
for irrigation and domestic water supply. It is renewable and
is replenished yearly during the rainy season. The deep aqui-
fers are formed over a long period of time and depend very
little on precipitation and surface runoff.

In mountainous areas, groundwater from subsurface
deposits and upstream flows are the major recharge sources.
The total volume of groundwater in the mountainous areas
throughout the country has been estimated at 676.2 billion m3.

3. Water Quality

The silt concentration is critically high in many rivers of
China. Approximately 3.5 billion tons of sediment annually
is transported to rivers from the mountains and hilly areas,
of which about 60% discharges into the sea, while the remain-
ing 40% deposits in the river courses in the middle and lower
reaches, as well as in lakes and reservoirs. During flood peri-
ods, the sediments are transported to the lower reaches of the
rivers, where they are deposited in the flood plains or diverted

TABLE 1 Surface Water Resources of China (by Region)

Mean Surface 
Annual Runoff

No. Region/Basin Drainage Area 
(km2) mm 109m3

I  Northeastern 1,248,445 132.4 165.3
II  Hai He-Luan He basin 318,161 90.5 28.8
III  Huai He basin 329,211 225.1 74.1
IV  Yellow River basin 794,712 83.2 66.1
V  Yangtze River basin 1,808,500 526.0 951.3
VI  Southern 580,641 806.9 468.5
VII  Southeastern 239,803 1,066.3 255.7
VIII  Southwestern 851,406 687.5 585.3
IX  Interior basins 3,374,443 34.5 116.4

 National total 9,545,322 284.1 2,711.5

Source: Department of Hydrology, Ministry of Water Resources (1992).
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into the irrigation areas. With its annual transportation of
about 1.6 billion tons, the Yellow River ranks highest among
the world’s largest rivers in terms of sediment transport. It
accounts for 50% of the total river sedimentation of China;
the annual runoff accounts for only 5% of the total.

Since the end of the 1970s, water quality has deteriorated
because of arbitrary disposal of wastes in rivers. Industrial
wastes and city sewage are the main point sources, whereas
most of the nonpoint sources, mainly comprising pesticides
and chemical fertilizer, originate from the agriculture sector.
The comprehensive assessment of water quality of rivers in
China conducted in 2000 indicates that the water quality is
acceptable for most users along only about 58.7% of the total
length of rivers.

II. DROUGHT AND WATER SHORTAGE 
ISSUES

A. Perception of Drought and Water Shortage

Drought is generally viewed as a sustained and regionally
extensive occurrence of below-average natural water avail-
ability, in the form of precipitation, runoff, or groundwater.
Drought should not be confused with aridity, which applies
to those persistently dry regions where, even in normal cir-
cumstances, water is in short supply. Normally the conse-
quences of droughts are felt most keenly in areas that are in
any case arid (UNESCO-WMO, 1985). Furthermore, the
adverse effects of drought are noticeable only in those areas
that are inhabited, and the trend of drought impacts intensi-
fies as human activities increase. If arid regions with sparse
population are hit by drought, little or no impact will occur
to humans or economies. But if the region is densely populated
and highly developed, countermeasures have to be taken to
cope with drought disasters. It is important to note that
although drought may have many adverse effects on human
activity, it is also true that many human activities aggravate
drought (Zhang Hai Lun, 1997). Below are examples of
drought in different regions of China with different natural
and socioeconomic conditions.
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In southern China, which has a humid climate, popula-
tion pressure has led to an increase in the number of rice
crops (from one to two) in many areas, which has resulted in
frequent drought in some places. For example, in Anhui Prov-
ince (located in the Yantze River and Huihe River basins),
various measures have been taken, including changing from
dry farming to growing rice, changing from one crop of rice
to two, and applying more water to wheat. These activities
led to a total water use in the agricultural sector of 14 billion
m3 in 1990, which is an increase of about 10 billion m3 com-
pared to the early 1950s.

The north China plain, located in a subhumid region with
annual precipitation ranging from 600 to 800 mm, is histor-
ically a densely populated region with highly developed agri-
culture. Drought impacts have been increasingly critical since
the 1970s, with small and medium rivers dry year round.
Even the Yellow River becomes dry intermittently. The over-
draft of groundwater has resulted in environmental degrada-
tion, and the frequency of drought events continues to
increase.

In the Xinjiang and Ningxia Autonomous Regions, situ-
ated in the northwest arid zone, the dry climate does not lead
to drought disasters because of stable water supplies from the
snowfed rivers (Xinjiang) and the Yellow River (Ningxia).

B. Impact of Drought on Economic and Social 
Development

1. Major Natural Disaster in the Agricultural 
Sector

Drought is historically one of the major natural disasters
affecting China, primarily the agricultural sector. Data for
1949–2000 show that drought affected an average of 21
million ha each year and disastrous droughts affected 8.9
million ha, which accounts for 21% and 8.9%, respectively,
of total cultivated land in China (Zhang Shi Fa, 2002). Dur-
ing eight extraordinary dry years (1960, 1961, 1978, 1986,
1988, 1989, 1997, and 2000) in the period 1949–2000 the
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rate of drought-affected land to total cultivated land
exceeded 20%. Average reduction of total grain output
reached 5%, and was as high as 13% in 1961. The drought
in 2000 hit many grain-producing regions; the total grain
loss was estimated at 60 million tons, the highest loss in the
past 51 years. The population affected by drought in China
increased from 22 million in the 1950s to 90 million in the
1980s. In those extraordinary dry years (e.g., 1988), 132
million rural people were affected.

2. Increasing Water Shortage in Urban Areas

Water shortage in urban areas constitutes three types. The
first one is due to insufficient water resources, meaning that
urban, industrial, and environmental water use demands can-
not be met by available water resources. The second type
refers to those areas that lack adequate water supply facilities
despite the fact that water is available for meeting those
needs. The third type is a newly emerging one: the water
resources of cities are heavily polluted. Many cities in humid
coastal and delta areas are short of water because of water
quality problems. In 1980, water shortage events extended to
coastal areas, covering 21 cities in 11 provinces. In 1990, some
300 cities were short of water; this figure doubled in 2000.
Unlike drought in rural areas, water needs of cities are met
before the needs of other sectors, so that water shortage in
cities is to some extent independent of an ordinary drought
event. Only in severe drought events is the water supply in
urban areas affected. It is difficult to compare water shortage
events in cities in terms of their intensity, duration, and
coverage.

3. Major Constraints on Development of 
Pasture Areas

Pasture areas covering 416 million ha are distributed in 12
provinces in north, west, and northwest China, with annual
precipitation ranging from 50 to 400 mm. These areas are
frequently stricken by droughts of long duration. In 2000,
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drought affected 78 million ha of grassland in pasture areas,
causing severe losses in the pasture industry in Inner Mon-
golia and other provinces. In the period 1953–1991, there were
10 years during which more than 500,000 animals died of
drought-related causes.

4. Drinking Water Supply Problems

In many rural areas, the distance between villages and their
water sources can exceed 1–2 km. Difficult access to drinking
water supplies has long been a critical issue in Chinese his-
tory, especially in loess plateaus, karst areas, and areas with
poor vegetative cover and serious soil erosion. Because of
population growth and the development of agricultural indus-
try, water quality deterioration has accelerated in rural areas.
As of 1995, drinking water supply was a problem for 73.3
million people in rural areas, accounting for 8% of China’s
rural population. 

C. Impact of Drought on Environment

In arid and semiarid regions (annual precipitation less than
400 mm), local rainfall does not meet agricultural needs. In
such cases, too many withdrawals from rivers upstream could
directly affect the water environment and ecosystem down-
stream. Environmental issues due to drought or water short-
age (mainly in north China) are discussed below.

1. Drying of Land, Lakes, and Rivers

In the north China plain, the annual runoff coefficient
dropped from 0.2 in the 1950s to 0.1 in the 1980s because of
too many withdrawals from rivers. Most of the small and
medium rivers in the north China plain have become dry
intermittently. Since 1972, even the Yellow River has fre-
quently dried up in the spring and summer. Bai Yang Dian,
the famous lake of the north China plain, dried up several
times in the 1980s, leading to water pollution, sedimentation,
and other adverse consequences for the environment and eco-
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systems. A similar situation occurred in the Tarim River in
Xinjiang Autonomous Region and Shiyang River of Gansu
Province in northwest China.

2. Environmental Degradation Due to 
Lowering of the Groundwater Table

Overdraft of groundwater in the north China plain and in
urban areas in the Yangtze Delta led to a significant decline
of the groundwater table and an expansion of cone coverage
in these areas. By the end of the 1980s, the average decline
of the groundwater table of shallow aquifers in the north
China plain was 8–10 m, and the decline in cone areas, cov-
ering 27,000 km2, reached as high as 20–30 m. The decline of
the groundwater table has had critical environmental conse-
quences. Land subsidence was found in cities like Beijing,
Tianjin, and Taiyuan in the north and Shanghai, Suzhou, and
Wuxi in the Yangtze River Delta.

Sea water intrusion in coastal areas is another environ-
mental issue caused by the declining groundwater table. The
affected area along the Bo Hai Bay for Liaoning, Hebei, and
Shandong provinces totaled 1432 km2.

3. Water Pollution

With rapid economic development in China, surface water
quality has deteriorated in urban and coastal areas. In the
late 1980s, polluted water directly discharged into rivers in
the north China plain totaled 4.3 billion tons, but the total
annual runoff is only 33.8 billion m3. The ratios of polluted
water to total runoff for Beijing, Tianjin, and Tangshan were
even higher. In inland basins like Ta Li Mu River (Xin Jiang
Autonomous Region), because of the decline of natural runoff
and increase of irrigation return flow, the water is signifi-
cantly alkalized, and the same situation occurred for many
inland lakes in the northwest.
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III. WATER USE TREND IN THE PAST HALF 
CENTURY

A. The Changing Rate of Water Use in Different 
Sectors and Administrative Regions

During the period 1949–2000, total annual water use in China
ranged from 103.1 billion m3 to 549.8 billion m3 (Table 2), and
the rate of increase was declining. It was high (5.2%) in
1949–1980, about two times the rate of increase in population
growth (2.7%) for the same time period (Ke Li Dan, 2002).
Since the early 1980s, China has maintained rapid economic
development and has taken various important measures in
water resources management, including initiating a planned
water use program and a national water-saving program,
reforming the water charge system, and instituting demand-
oriented management for cities in north China. More impor-
tantly, China has successfully implemented the family plan-
ning program. As a result, the trend of a high increase in
water use was restrained, and the average increase rate of
water use during 1981–1993 dropped to 1.3%, lower than the
population growth rate (1.4%) in the same time period. Since
1993, the rate of increase in water use has dropped further
for a number of reasons, mainly the restructuring of the
national economy, system reform, and the comprehensive
water-saving activities. All these led to further declines in the
increase rate: 0.8% in 1993–2000, which is much lower than
the rate of population growth (1.1%).

In the same time period, the rate of increase in water
use in 15 provinces, autonomous regions, and municipalities
directly under the administration of central government
reached zero growth (Table 3). This covers the developed
coastal areas in the south and north and the water-scarce
provinces in the north. The total water use of the country
fluctuates around the mean of 550 billion m3 in the seven
consecutive years from 1997 to 2003.
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B. Significant Structural Change of Water Use

The ratio of water use in the agricultural sector (including
rural water supply) to total water use dropped from 97.1% in
1949 to 74.1% in 2000, while that of industrial and urban
water supply increased from 2.3 to 20.7% and from 0.6 to
5.2%, respectively. The portion used for irrigation in the agri-
cultural sector went from 91% in 1980 to 85% in 2000. In this
20-year period, irrigated land increased to 6.7 million ha (a
one-eighth increase compared to the pre-1980 period). How-
ever, water use for irrigation remained at about 350 billion
m3 each year, which means that during this period it remained
nearly unchanged. Furthermore, water use in the industrial
sector has remained at about 110 billion m3 since 1997. Figure
1 shows the structural change of water use in China. 

C. Steady Decline of Per Capita Water Use After 
1980

Per capita water use is an integrated index reflecting the level
of water use for all user sectors. The per capita water use
increased from 187 m3 in 1949 to 452 m3 in 1980 and steadily
declined to 430 m3 in 2000. The per capita water use also
varies greatly with different administrative regions. Shanxi

Figure 1 Water use for different sectors (1949–2000). (From Ke
Li Dan, 2002.)
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Province ranks the lowest (187 m3) whereas the Xinjiang
Autonomous Region ranks the highest (2490 m3), more than
13 times higher than Shanxi. This is due to differences in
climate and physiographic conditions and to traditional ways
of water use. The index remained stable for different admin-
istrative regions. The per capita water use varies with differ-
ent regions, but the figures of per capita water use for each
of the different regions remains stable for a period of time.

IV. DROUGHT CONTROL AND 
MANAGEMENT

To cope with drought in the agricultural sector, China has
implemented an integrated approach that consists of engineer-
ing, legal, institutional, economic, and technical measures.

A. Building a Drought Control and Management System

1. Developing Irrigation Systems 

In the early 1950s, efforts concentrated on restoration, expan-
sion, and renovation of old irrigation systems. Storage facilities,
including ponds and reservoirs of different sizes, have devel-
oped rapidly since the 1960s. In the 1970s, to meet the increas-
ing demand of food supply, irrigation from canals was promoted
in the south and well irrigation prevailed in the north China
plain. As of 2000, there were more than 85,000 reservoirs of
different sizes with a total storage capacity of 518.4 billion m3,
more than 30,000 diversion gates of different types, and 3.99
million wells with a total storage capacity of 35.9 million kw.
Irrigated land accounts for 42% of total cultivated land (130
million ha) and provides more than two-thirds of the national
grain output, 80% of the national cotton output, and 90% of
the national vegetable crop (Zhang Shi Fa, 2002).

2. Soil and Water Conservation

Various measures have been used to control soil erosion on
809,000 km2. The measures include terracing (9.6 million ha),
construction of check-dams in gullies and small creeks to
create usable land (1.95 million ha), afforestation (39.9 million
ha), and restoration of grassland (4.3 million ha).
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3. Developing Rain-Fed Agriculture

Because more than 50% of the cultivated land area is rain
fed, farming has been adapted to make full use of rainwater.
Adaptations include deep plowing and soil loosening to
increase the storage capacity of the top soil and developing
drought-resistant crops and associated cultivation techniques.
Since the 1980s, many pilot projects based on indigenous
techniques have begun in arid and semiarid regions. In addi-
tion, small rainwater harvesting facilities are also being
developed in the north and northwest.

4. Drought Monitoring, Planning, and 
Management during Dry Periods

China’s comprehensive hydrological network has played an
important role in flood and drought monitoring. The real-time
monitoring of the drought process is handled primarily by
provincial governments, and the central government closely
monitors the development of drought and gives guidance and
funding support to local governments to combat drought.
Long-term meteorological forecasting is the responsibility of
the Meteorological Department in coordination with the
Water Department, but it has not played a significant part in
drought management.

Drought management has followed the traditional
approach, which largely relies on crisis management. This
reactive approach has been ineffective in responding to
drought, and the government has recently initiated a nation-
wide project, Strategy on Drought Management, to cope with
the problem. A number of pilot projects on risk management
are being implemented in several provinces.

B. Improving Water Use Efficiency

1. Improving Irrigation Technique

The agricultural sector is the main user of water, but water
use efficiency is only 45% for the entire irrigation system. The
losses are mainly due to seepage in the irrigation system as
well as the use of flood irrigation in many places, especially
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in southern China, where farmers used to follow traditional
technology in applying water to the rice field. Water-saving
techniques have been promoted in grain-producing areas, par-
ticularly in arid regions. In 1997, China implemented a water-
saving program on 15.3 million ha of irrigated land using
different techniques, such as “anti-seepage” measures for
canals (8.7 million ha), water conveyance with pipes (5.2 mil-
lion ha), and sprinkler irrigation (1.2 million ha).

2. Promoting a Water Tariff System

A water tariff system for irrigation was initiated and has been
promoted since the 1980s. It has played an important role in
addressing the challenge of water shortage in China. The
problem is that the fee is too low for most areas, which means
less incentive to the farmers to use water efficiently. The water
tariff is being adjusted so that it will at least meet the oper-
ation requirements and maintenance costs of irrigation sys-
tems. In 1996, the central government decided to select 300
counties from more than 2000 as pilot counties to implement
the water-saving program.

C. Institutional Building for Drought 
Management

1. Establishing National Flood Fighting and 
Drought Relief System

Flood Fighting and Drought Relief Headquarters (FFDRHQ)
were established in 1992 for the government at the county
level and above. Members of the FFDRHQ include all the
relevant departments at the same level led by the head of
local governments. The central government is headed by a
vice premier designated by the state council (cabinet) with
the executive office affiliated with the Ministry of Water
Resources. The major responsibilities of FFDRHQ for drought
relief cover the following (Department of Policy and Regula-
tion, Ministry of Water Resources, 1998):

• Operating the drought monitoring, forecasting, and
warning system in coordination with the Meteorologi-
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cal Department and reporting drought information to
the government and public

• Organizing the preparation of a drought relief scheme
and supervising its implementation

• Coordinating activities of all the parties concerned
with drought response during the dry period

• Allocating the funds from the central government to
the drought-affected areas

• Preparing and supplying materials for drought relief
• Transferring inter-basin water and allocating real-

time water for important rivers (cross-boundary
administration)

The Department of Water Resources at all levels handles
most of the government functions in drought relief (policy
guidance; resource mobilization, including financial and
human resources; and servicing, including monitoring, report-
ing, warning, technical advice, and post-relief). The members
include the State Development and Reform Commission,
State Economic and Trade Commission, Ministry of Public
Security, Ministry of Interior, Ministry of Finance, Ministry
of Land Resources, Ministry of Construction, Ministry of Rail-
way, Ministry of Communication, Ministry of Information
Industry, Ministry of Agriculture, National Bureau of Avia-
tion, National Bureau of Broadcasting and Television,
National Bureau of Meteorology.

The FFDRHQ was established to reinforce leadership
and inter-agency coordination. Members at the central level
assume their respective responsibilities as assigned by the
state council; the responsibilities of the local-level members
of FFDRHQ are similar to those of the central government
members.

2. Organizing Drought Relief Teams in Rural 
Areas

Since the 1960s, drought relief teams have been organized in
many provinces and regions. The teams are nongovernmental,
nonprofit, and professional organizations at the grassroots level,
providing technical support to farmers. Both the government
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and the beneficiaries provide funding. As of late 2003, more
than 10,000 teams were organized and equipped with 210,000
irrigation machineries of different types. This institutional
setup has led to efficient use of resources because it concentrates
the government’s input into the teams instead of directly to the
drought-affected farmers. Drought relief teams are being built
in rural areas for all the provinces and autonomous regions of
the country.

D. Legal, Regulatory, and Policy Measures

In the past 20 years, the government undertook several legal,
regulatory, and policy measures to improve the water use
efficiency of different users. The momentum of economic
reform has greatly promoted the restructuring of water user
sectors and efficient use of water.

1. Water Law

The Water Law of the People’s Republic of China, enacted in
1998, provided the legal basis for water resources planning,
development, and management. The revised Water Law was
promulgated in August 2002. It keeps the main structure of
the Water Law and amends, complements, and stresses some
important provisions:

• Emphasizes integrated water resources planning and
stresses that water resources planning should be an
integral part of the national economic plan

• Emphasizes environmental protection in the develop-
ment of water resources, including water quality con-
trol and water source protection for all natural water
bodies

• Highlights rational water allocation and water saving
• Adds unified management of a river basin so that the

legal position of river basin organizations is identified
• Clarifies treatment of water disputes to include con-

sultation, mediation, and lawsuits
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2. Water-Withdrawing Permit System

A water-withdrawing permit system has been built and
applied to all projects directly withdrawing water from rivers,
lakes, and underground. More than 60,000 licenses have been
issued, totaling 400 billion m3 of water withdrawal.

3. Water-Saving Policy

Water saving has become national policy through various
measures, including improvement of water use management
and innovations in water-saving techniques to reduce water
consumption and increase the rate of reuse in the industrial
sector. Areas short of water are restricted from developing
industry and agriculture that require massive water use.
Water use is metered in urban areas; for industry, a progres-
sive water tariff has replaced a system of fixed fees.

4. System Reform of Water Charge and Levy 
of Water Resources Fee

In 1985, the state council issued a regulation on the levy of
a water charge, thus leading to the end of a history of free
water use. The water resources fee is levied for those who
withdraw directly from both underground and surface water
bodies.

V. PERSPECTIVES ON WATER SUPPLY AND 
DEMAND IN THE 21ST CENTURY

A. Low Level of Per Capita Water Use

The United Nations (U.N.) categorizes China as a water-vul-
nerable country, along with the United States, Japan, and
many European countries (UNDDSMS, 1996). North China,
specifically the Hai, Huai, and Yellow rivers, covers 1.44 mil-
lion km2 (15%) of China’s territory and accounts for 39.4% of
total cultivated land, 34.7% of the population, and 32.4% the
country’s GDP. The per capita water availability for the three
basins is less than 500 m3 (Liu Chang Ming and Chen Zhi
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Kai, 2001) and the percentage of withdrawal is much higher
(>50%). China must maintain low levels of water use to sup-
port the process of sustainable development. China cannot
reach the same level of per capita water use as the United
States, Japan, and other European countries in view of its
huge population and its extremely uneven areal distribution
of water resources.

B. Anticipation of Water Use Trend

Table 2 shows that from 1949 to 1980, water use quadrupled.
During that time, the population nearly doubled (1.78) and
the total grain output tripled. In the transitional period from
1980 to the present, China entered an era of economic reform,
and the water use trend grew slowly to sustain the major
change that the country’s economy was experiencing. This
resulted from structural changes in water use and improve-
ments in water use efficiency. Compared to other developed
countries, China has considerable potential to raise water use
efficiency. The integrated index of water use efficiency in
China was US$2/m3 in 2000 (US$13.1 for the United States
in 1995). Water use for irrigation has remained unchanged
(350 billion m3) for more than 20 years since 1980, and water
use efficiency currently is only 0.45, so there is much room
for improvement.

The structural change of water use may also accelerate.
Under the process of structure reform and the development
of a market-oriented economy, water use tends to meet the
needs of those sectors that bring more economic benefit, so
the gradual reduction of the proportion of agricultural water
use to total water use is acceptable. Meanwhile, the applica-
tion of new technologies and the blooming of tertiary industry
will make water use reduction more attractive to industry.
Based on the experiences of big cities such as Beijing, Shang-
hai, and Tianjin, the rapid expansion of urban areas and the
development of the economy did not lead to an increase of per
capita water use in these cities. It can be anticipated that per
capita water use may not increase as the momentum of
restructuring continues.
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It should be pointed out that overestimates of water
demand in the past exaggerated the estimated gap between
water supply and demand. In the early 1980s, the estimated
water demand for China in 2000 was projected to be 700
billion m3, on the basis of a nationwide water use project
(Department of Planning, Ministry of Water Resources, 1987).
The government made similar estimates about water demand
for the entire country and for different administrative regions.
Overestimation of water demand led to mistakes in strategy
and policy formulation. The international concern in the
1990s about the impact of large grain imports from China on
world food security perhaps also originated from the overes-
timate of water demand.

VI. CONCLUSION

Reviewing water use of the past 20 years, one can conclude
that the low increase (1%) in the water use rate supported
the rapid economic growth at the average rate of 9%; the zero
growth of irrigation water lasted for 20 consecutive years
while the grain output increased 44.3% under the expansion
of 6.7 million ha of irrigated land. The steady decline of per
capita water use and the zero growth of water use for many
administrative regions in recent years indicate that the gap
between water supply and demand can be bridged, if useful
experiences and lessons are appropriately summed up and
learned.

The low or zero growth of water use in water-scarce
regions, especially in the north China plain, was achieved at
the cost of environmental degradation. Improvement of the
water environment should be an inseparable part of water
management in the course of sustainable development in the
21st century.

Recommended drought management actions (and their
current status) include:

1. Formulation of drought relief plans of different fre-
quencies on the basis of the water resources plan.
The first phase of this recommendation has started.
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2. Increased financial support for drought relief. The
program was started 3 years ago, but support has
been inadequate.

3. Improvements to the management of drought relief.
This recommendation mainly refers to the reform of
irrigation projects, such as changing the ownership
of small projects, and promoting a contract system
with users (farmers) for sustainable development.

4. Guidelines to identify and assess drought disasters
on a scientific basis.

5. Legislation to promote the system of drought pre-
paredness. We expect drought management regula-
tions will be formulated and approved in the near
future.
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I. INTRODUCTION

Climatic variability should be a significant factor influencing
agricultural production decisions. Historically in Australia,
farmers and governments have invested heavily in reducing
the influence of this variability on agricultural production.
This investment has included construction of large dams on
major river systems throughout the country, primarily for
irrigation purposes, and allocation and development of
groundwater resources. This development policy placed large
pressures on ecosystems and has significantly modified river
systems. In 1994, the Council of Australian Governments
began a period of water reform, entering a new management
phase for water resources. These reforms have included
assessment of the sustainable yield from aquifer systems,
often found to be below current allocation and even extraction
levels, as well as allocation of a proportion of flows to the
environment. In many catchments these water reforms have
not only reduced irrigators’ access to some types of water but
have also implicitly increased the effect of climate variability
on their decision making by increasing their reliance on
pumping variable river flows.

These management and allocation pressures are com-
pounded by Australian streamflow (and to a lesser extent
climate) being much more variable than elsewhere in the
world. The interannual variability of river flows in temperate
Australia (and southern Africa) is about twice that of river
flows elsewhere in the world (Figure 1; Peel et al., 2001). This
means that temperate Australia is more vulnerable than
other countries to river flow–related droughts and floods. In
such a challenging environment, forecasting tools that sup-
port improved decision making resulting in efficiencies in
water use and reduced risk taking are highly desirable. The
development and use of such tools is the focus of considerable
research and extension activity in government and industry.

A. Seasonal Forecast and Climate Variability

Relationships between sea surface temperatures and climate
are well documented. The relationship between Australia’s
hydroclimate and the El Niño/Southern Oscillation (ENSO)
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is among the strongest in the world (Chiew and McMahon,
2002). El Niño describes the warm phase of a naturally occur-
ring sea surface temperature oscillation in the tropical Pacific
Ocean. Southern oscillation refers to a seesaw shift in surface
air pressure at Darwin, Australia, and the South Pacific island
of Tahiti. Several indices have been derived from this rela-
tionship, in particular the Southern Oscillation Index (SOI),
which describes the Tahiti minus Darwin sea level pressure
and is commonly used as an indicator of ENSO. The strong
relationships that exist between climate, streamflow, and
ENSO form the scientific basis for forecast tools developed
throughout Australia and other parts of the world. In the
Australian context, the Bureau of Meteorology routinely pro-
vides seasonal climate outlooks (e.g., probability that the total
rainfall over the next 3 months will exceed the median) and
computer packages such as Rainman Streamflow (Clewett et
al., 2003) are heavily promoted. The patchy adoption of these
tools, and thus the inability to reap the perceived gains in
water use efficiency, is of concern to their promoters and
research and development agencies.

B. Adoption Constraints

A major issue for the designers of decision support tools is
the degree of likely uptake by the potential users, and this is
no different for seasonal forecasting. The farming community,

Figure 1 Interannual variability of Australian streamflow rela-
tive to the rest of the world.

The L-Cv is used as a measure of inter-
annual runoff variability.

It is a measure of relative variability
similar to the coefficient of variation
(standard deviation divided by the mean).

The L-Cv in the plot are for catchments in
the Cfb Koppen climate type, which
represents a temperate climate.
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which is traditionally conservative when it comes to changing
well-entrenched behaviors, is particularly reticent to adopt
such tools. Many factors play a part in users’ decisions to
adopt these tools and the information they provide.

Knowledge, awareness, and understanding of the poten-
tial outcomes available through the use of the tools vary.
Confidence in the outcomes is often lacking, especially when
the tools may be replacing well-tried and comfortable prac-
tices. These practices may be seen to be adequate for the
decisions they are assisting, and hence users do not perceive
a need for new technologies.

Previous experiences associated with the technologies
being used by the tools will also be a factor. These may be
first-hand experiences or purely word of mouth in the com-
munity. Local opinion will frequently be more powerful than
information from “outsiders.” Naturally, if past experiences
have resulted in negative consequences, the uptake of the new
technology will be even less likely. Confidence in the new
technology and trust in the provider of the technology are
therefore likely to be highly influential. In fact, the “human
factor” frequently can be less certain than the technologies
themselves.

II. ESTIMATING THE POTENTIAL

Most investigations of the potential of forecast tools compare
their predictions against “no knowledge.” This section
describes the coupling of forecast models to models that sim-
ulate a range of water management behaviors within a con-
strained problem definition. Quantification of the net
financial return to irrigators of adopting climate forecasts as
part of their decision-making process would provide a strong
measure of the benefit of these forecasts. This is tempered by
an analysis of the potential market, which reveals that a
significant improvement in reliability and relevance is
required before widespread adoption can be considered.

A. Case Study Context

To consider the potential benefits to agricultural production
of seasonal forecasts, we investigated their potential impact
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on farm-level decisions and returns in an irrigated cropping
system. We premised that the potential benefit of seasonal
forecasts was probably greatest in a farming system subject
to significant uncertainty. For this reason, the farming system
represented in the decision-making models is that of an irri-
gated cotton producer operating on an unregulated river sys-
tem, relying on pumping variable river flows for irrigation
purposes during the season. This type of farm is typical in
unregulated areas of the Namoi basin in the northern Mur-
ray-Darling basin, particularly the Cox’s Creek area (Figure
2). However, for this analysis, the modeling should be consid-
ered to represent a theoretical or model farm rather than a
farm from a particular system; the value of forecasts was
tested on this farm using forecasts and flows from many

Figure 2 Map of the case study area highlighting the Cox’s Creek
region of the Namoi basin within the Murray-Darling basin system
of eastern Australia.
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different river systems in eastern New South Wales. We did
this to test the sensitivity of the results and recommendations
to the hydrology and climate of the river system.

Given that the model farm is assumed to be pumping
from the river for irrigation supply, production and water
availability are limited by the number of days on which the
farm can pump flows from the river. To mimic the types of
flow rules on these unregulated systems and to test the sen-
sitivity of results to these rules, two pumping thresholds were
considered—the 20th and 50th percentile of flow (i.e., flow
that is exceeded 20% or 50% of the time).

The forecast provided for each year is the number of days
that are above these pumping thresholds (i.e., the number of
days on which pumping is allowed). The model farmer factors
this forecast and the total volume of water allowed to be
pumped on each such day (the daily extraction limit, defined
by policy as a fixed volume of water) into the planting decision.

Climate forecasts were constructed over an 86-year
period for seven catchments and the two pumping threshold
regimes using three forecast methods. Farmer decisions were
then simulated using these three forecast methods as the
basis of the decision, as well as using three decision alterna-
tives for comparison. This section describes the catchments
considered in the analysis and the climate forecasting results
for each. The decision models used in the analysis of these
forecasts are then described before results are presented.
These results should be considered to be indicative of the
potential benefits of seasonal forecasting in eastern Australia.
The complexity of different production systems and many of
the influences on real-life decisions have not been considered
for this preliminary analysis. However, this analysis does
provide an interesting insight into the potential for forecast-
ing methods to help farmers adjust away from the impacts of
climate variability.

B. Seasonal Forecast Models

The relationship between streamflow and ENSO and the
serial correlation in streamflow can be exploited to forecast
streamflow several months ahead. These relationships are
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well described in Chiew and McMahon (2003) and demon-
strate the statistical significance of the lag correlation of the
linear relationship between 3-month streamflow (in
Oct–Nov–Dec and in Jan–Feb–Mar) and the SOI value in the
previous 3 months in catchments throughout Australia. Using
this relationship, we can forecast summer streamflow
throughout most of eastern Australia from spring indicators
of ENSO. Serial correlation in streamflow must also be con-
sidered when forecasting streamflow because it is generally
stronger than the streamflow–ENSO relationship and is per-
sistent throughout the year.

To make risk-based management decisions, we must
express forecasts as exceedance probabilities (e.g., probability
of getting at least 10 pumping days). In this study, exceedance
probability forecasts are derived at tributary scale for seven
unimpaired catchments in the Murray-Darling basin. The
derivation of the forecasts is based on categorization and
consequent nonparametric modeling of streamflow distribu-
tions and their antecedent conditions (e.g., discrete SOI cat-
egories) (see, for example, Sharma, 2000, and Piechota et al.,
2001). Catchments were selected because of their relative
proximity to the Namoi basin (all within the Murray-Darling
basin in New South Wales) and to reflect a range of rain-
fall–runoff conditions and forecast skills. Proximity to the
Namoi basin is to support coupling with the decision-making
models that have been developed by Letcher (2002) within
the water management regulatory framework in the Namoi
basin, although they simulate representative farmer behavior.

Daily streamflow data from the period 1912–1997 are
used. The data include extended streamflow estimates using
a conceptual daily rainfall–runoff model (Chiew et al., 2002).
The catchment locations and long-term average rainfall–run-
off characteristics are summarized in Table 1. 

Forecasts are made for the number of days in Octo-
ber–February that the daily flow exceeds the two pumping
thresholds under consideration. The thresholds are calculated
based on flow days only, defined as days when the daily flow
exceeds 0.1 mm. The forecast is derived by relating the num-
ber of days in October–February that the daily flow exceeds
a threshold to explanatory variables available at the end of
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September. The explanatory variables used are the SOI value
averaged over August and September and the total flow vol-
ume in August and September. We derive the forecast using
the nonparametric seasonal forecast model described in
Piechota et al. (2001) and express it as exceedance probabil-
ities. Such forecasts closely approximate low-risk decision-
making behavior and can be used as a direct input into the
decision-making models.

Three forecast models are used:

1. FLOW: Forecast derived from flow volume in
August–September

2. SOI: Forecast derived from SOI value in August–Sep-
tember

3. FLOW+SOI: Forecast derived from flow volume and
SOI value in August–September

C. Forecast Model Results

All models exhibit significant skill in the forecast, summa-
rized in Table 2. Two measures of forecast skill are
used—Nash-Sutcliffe E and LEPS scores.

The Nash-Sutcliffe E (Nash and Sutcliffe, 1970) provides
a measure of the agreement between the “mean” forecast
(close to the 50% exceedance probability forecast) and the
actual number of days in October–February that the daily
flow exceeds a threshold. A higher E value indicates a better
agreement between the forecast and actual values, with an E
value of 1.0 indicating that all the “mean” forecasts for all
years are exactly the same as actual values.

The LEPS score (Piechota et al., 2001) attempts to com-
pare the distribution of forecast (forecast for various exceed-
ance probabi l i t ies)  with the number of  days in
October–February that the daily flow exceeds a threshold. A
LEPS score of 10% generally indicates that the forecast skill
is statistically significant. A forecast based solely on climatol-
ogy (same forecast for every year based on the historical data)
has a LEPS score of 0.
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The LEPS scores in all the forecast models are greater
than 10%, indicating significant skill in the forecast. The SOI
model has similar skill in the seven catchments, with E values
of about 0.2 and LEPS scores of 10–15%. The FLOW model
is considerably better than the SOI model in five catchments
(410033, 410047, 410061, 412080, 412082; E generally greater
than 0.35 and LEPS generally greater than 25%), whereas at
the gauge sites of the other two catchments (418025, 421036),
the FLOW and SOI models have similar skill. In all seven
catchments, the FLOW+SOI model has greater skill than the
FLOW or SOI model alone. In the five catchments where the
FLOW model has greater skill than the SOI model, the E and
LEPS for the FLOW+SOI model are generally greater than
0.5 and 40%, respectively (compared to 0.35 and 25% in the
FLOW model). In the two catchments where the FLOW model
and SOI model have similar skill, the E and LEPS for the
FLOW+SOI model are generally greater than 0.3 and 25%
(compared to less than 0.25 and 20% in the FLOW or SOI
model alone).

D. Decision-Making Models

All decisions were modeled using a simple farm model that
assumed that farmers act to maximize gross margin each
year, given constraints on land and water available to them
in the year. This model is a modified version of a decision
model for the Cox’s Creek catchment developed by Letcher
(2002). Total farm gross margin was analyzed for all catch-
ments, pumping thresholds, and forecast methods using four
possible decision methods:

1. Seasonal forecast decision. The decision is made
assuming that the 20th and 50th percentile exceed-
ance probability forecasts (using SOI, FLOW, and
SOI+FLOW) for the number of pumping days are
correct.

2. Naïve decision. The decision is made assuming that
the number of pumping days this year is equal to the
number of pumping days observed last year.
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3. Average climate decision. The decision is made
assuming that the number of days for which pumping
is possible in each year is the same and equal to the
average number of days pumping is permitted over
the entire 86-year period.

4. Perfect knowledge decision. The decision is made with
full knowledge of the actual number of days on which
pumping is possible in each year. This is essentially
used to standardize the results, because it is a mea-
sure of the greatest gross margin possible in each
year given resource constraints.

The same simple farm model is used in all cases. This
model allows the farm to choose among three cropping
regimes—irrigated cotton with winter wheat rotation, dry-
land sorghum and winter wheat rotation, and dryland cotton
and winter wheat rotation. Production costs are incurred on
crop planting, so areas planted for which insufficient water
is available over the year generate a loss. For such crops, it
is assumed that the area irrigated is cut back and a dryland
yield is achieved on the remaining area planted.

E. Modeling Results

We ran models for each catchment over the 86-year period for
every combination of pumping threshold, forecast, and deci-
sion-making method. The total gross margin achieved by the
farm over the entire simulation period under each of the
decision models and forecasting methods is charted for the
20th percentile (Figure 3) and the 50th percentile (Figure 4)
pumping threshold, respectively. In each figure, the x axis
labels the seven catchment identifiers and the y axis is the
total gross margin in Australian dollars.

These figures lead to a consistent set of observations:

• Use of any of the three forecast methods leads to a
greater gross margin than either the average or the
naïve decision methods.

• In general, the SOI+FLOW method gives the greatest
gross margin of the three forecast methods, with SOI
generally providing the lowest gross margin.
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Figure 3 Total profit (annual gross margin) over 86-year simula-
tion period for each catchment using different decision methods for
pump threshold at the 20th percentile of flow.

Figure 4 Total profit (annual gross margin) over 86-year simula-
tion period for each catchment using different decision methods for
pump threshold at the 50th percentile of flow.
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• The forecast methods provide a substantial return in
gross margin relative to the total achievable gross mar-
gin (via the perfect decision model) in each case (on
average, 55% of the possible maximum).

To investigate the consistency of the forecast skill, we
derived the percent of time during the simulation period dur-
ing which different income levels were exceeded for each deci-
sion model and forecast method. Results for a single
catchment (410033) and the 20th percentile pumping thresh-
old are presented in Figure 5. 

Several observations can be made about the consistency
of the forecasts:

• Negative gross margins (losses) are experienced in a
greater number of years for both the average and naïve
decision methods (>7% of time) than for any of the
seasonal forecast methods (<3.5%).

Figure 5 Exceedance probability for annual gross margin for one
catchment (410033) with a pumping threshold at the 20th percentile
of flow.
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• The naïve and average decision methods give a lower
income at almost all exceedance probabilities, and for
those areas where they are greater, the difference is
very small.

• The naïve decision method gives a greater gross mar-
gin for very high gross margin years (2.4% of the time).

III. REALITY BITES 

The integrated modeling approach developed for this study
demonstrates the gains that can be made by the routine
incorporation of seasonal forecasting into water management
decision.

To test the likeliness of farmers to use the seasonal fore-
casting tools, we conducted a series of ten semistructured,
scoping interviews. The interviewees were irrigators on a non-
regulated tributary of the Namoi River (in the Upper Murray-
Darling basin) and were therefore highly dependent on the
river flows. With the uncertainty of annual water supplies to
irrigate their crops, it was thought that this group might be
more positive about seasonal forecasting than those on regu-
lated rivers.

Given the small sample number, we compared the data
collected with that from a similar study conducted by others
in the southern Murray-Darling basin (URS Australia, 2001).
That study consisted of 29 interviews followed by a workshop
with six participants. The findings of both studies were sim-
ilar, thus providing confidence in the outcomes of these limited
interviews.

Knowledge and understanding of the term and the forms
of seasonal forecasting were highly variable, ranging from a
good understanding to little or misguided awareness. Partic-
ipants seemed to misunderstand the difference between types
of forecasting and sources of forecasting. However, consider-
able support exists for natural signals rather than the use of
technology—for example:

Some of the best indicators in times of drought have been
the ants’ nests around the house—if there is a lot of
movement by the ants, it’s generally going to rain soon.
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There are many natural signs that are more useful than
the scientific information we are given.

The degree to which people understood probabilities, or
thought they could be useful to them, was also variable. Many
were skeptical of the probabilities given their derivation by
the extrapolation of past data to the present. Usefulness was
also questioned in view of past experiences:

At the last meeting we were told, “There will be a 50/50
chance that we will get above-average rainfall and 50/50
chance we will get below-average rainfall.” This told us
nothing.

The degree to which these farmers incorporated seasonal
forecasting information into their decision making was also
variable. Although no one used it as a regular aid, some said
they sometimes used it, others considered it but rarely used
it, and some said they did not use it at all.

Those who said they did use it indicated that it could
affect changes in planning for the timing of seeding, spraying
times, planting rates, the type of crops planted, and the num-
ber of stock purchased. However, they stressed that the sea-
sonal forecasting was only one piece of information they used,
combining it with natural indicators and sources of informa-
tion used in the past. Decisions were still very conservative.

If they say it is going to be a dry year I won’t buy more
cattle. If it is going to be a wet year, I may decide to buy
more cattle.

Those who did not use seasonal forecasting in their deci-
sion making were reluctant to do so because they had bad
experiences in the past, or had heard of someone who had.
Other reasons included a lack of understanding or restricted
access to the information. They seemed to pay more attention
to short-term forecasting than to seasonal. The consequences
of poor short-term decisions were not seen to be as dire as
the consequences of seasonal mistakes.

Really if your gut feeling tells you it is going to be dry
then it probably will be. If it tells you it will be wet, it
probably will be.
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I’m an old-time farmer and I feel that you take what you
get.

I don’t have much confidence in the information. It is
usually only 50% accurate which is the same as tossing
a coin.

Rainfall probabilities were considered to be the most
useful information seasonal forecasting could provide. How-
ever, decision making would still be highly conservative.

I would pay attention if they told me there was a 75%
chance that we will go into a drought. However, if they
told me that there was a 25% chance of below-average
rainfall, with a 75% chance of above-average rainfall, I
would pay more attention to the prediction of below-aver-
age rainfall.

The farmers were asked if they would be more willing to
use a tool that predicted only extreme events with better than
usual reliability, rather than more frequent rainfall predic-
tions with lesser certainty. Generally it was agreed that this
would be preferable, but there was considerable cynicism that
sufficient reliability could be obtained for their purposes.

They did acknowledge, however, the difficulty associated
with forecasting, especially given the limited recorded
weather history in Australia. Then again, it seemed there was
little likelihood that any latitude would be given to the sci-
entists if the forecasts were mistaken. Reliability was very
important, and until this could be achieved to help farmers
in decision making, uptake of the technology would be limited.
And memories can be very long.

Indigo Jones was a long-range forecaster a while back,
and he was considered to be very good. In 1974 he pre-
dicted it would be wet and we had some of the biggest
floods in history. However, in 1975 he predicted it would
be wetter still, and we had one of the worst droughts on
record. After that I lost faith in long-range forecasters.

It is therefore apparent that the potential market for
seasonal forecasting tools in the farming community will be
limited in the short term. One must understand the likely
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users of the technology and exactly what decisions they
believe it can assist them with.

IV. SUMMARY

Regions with high interannual variability of streamflow
present challenges for managing the risks associated with the
use of their water resource systems. Reliable forecasts of
streamflow months in advance offer opportunities to manage
this risk. Knowledge of more or less streamflow than average
has the potential to influence farmer decision making and/or
the allocation of water to the environment or to replace
groundwater stocks under threat. In the long term, it has the
potential to improve the viability of agricultural production
activities and increase water use efficiency while maintaining
desirable environmental flows.

The ability of the integrated modeling approach
described above to provide comparison with alternate heuris-
tic forecasting techniques has demonstrated the practical
advantage of forecasting methods over these alternate tech-
niques. In the overwhelming number of cases, where water
management and consequent planting decisions were based
on seasonal forecasts, the enterprise would have returned a
better result in terms of water use efficiency and net gains in
profit. Yet adoption is slow, perhaps reflecting the general
conservative nature of farmers, at least in Australia, and the
need for them to see real and sustained benefit before they
will consider incorporating such tools into their decision mak-
ing.

The social analysis confirmed that knowledge and under-
standing of the term and the forms of seasonal forecasting
were highly variable. There seemed to be a misunderstanding
of the difference between types of forecasting and sources of
forecasting. However, there was considerable support for nat-
ural signals rather than the use of technology. The degree to
which people understood probabilities, or thought they could
be useful, was also variable. Many were skeptical of the prob-
abilities given their derivation by the extrapolation of past
data to the present. Their usefulness was also questioned in
view of past experiences.
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An aggressive water reform agenda, underpinned by an
acknowledgment of the finite size of the water resource and
recognition of the legitimacy of the environment as a water
user, is driving research in and development of tools that can
fine-tune critical decisions about water allocation.

V. FUTURE DIRECTIONS

In spite of recent improvements, adoption of climate variabil-
ity management tools such as seasonal forecasting is low
among the farming community. Farmers have expressed neg-
ativity about the reliability of the tools and their benefits.

It could be argued that many farmers, particularly those
in large irrigated enterprises, have already reduced the risk
associated with timely access to water by building large on-
farm water storages and installing more efficient water retic-
ulation systems—that is, they have invested (at a significant
cost) out of the uncertainty for which seasonal forecasting
tools are trying to compensate. So, it would seem that the
need to consider the use of technology such as seasonal fore-
casting is directly related to degree of exposure and risk
management behavior.

A consequence of the current water reforms—as timely
access to instream water is no longer guaranteed and on-farm
water storage is increasingly regulated—is an increase in risk
exposure. This may force users to invest in tools that provide
marginal gains. To identify where these marginal gains are,
and the different levels of benefit that are possible, forecasting
tools need to be tailored to a range of niche markets whose
needs, decision-making behaviors, and current resistance
must be clearly articulated. These niche markets need to be
identified. This case study gives some strong leads—for exam-
ple, irrigation versus dryland and high-equity versus mort-
gage participants. Significant benefit from research and
development in climate risk management can only be realized
if it produces tools that match users’ needs and expectations
and that can be incorporated into their decision-making and
risk assessment processes.
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I. MAIN CHARACTERISTICS OF DROUGHTS 
IN SPAIN

A. Introduction: Water Management and 
Planning Framework in Spain

In Spain, water is not just another natural resource. Drought
is more than a combination of meteorological factors because
it usually produces conflicts between users, deterioration in
river ecology, and increased public awareness. During
drought, the decreased availability of water results in greater
pressure on existing surface and subsurface water supplies,
and debates about potential remediation measures usually go
beyond the scientific or technical spheres and into the political
sphere.

Water management in Spain is based on river basin
departments (RBDs) (see location of main Spanish river
basins in Figure 1). If water runs through more than one
regional territory (autonomous community), the RBD depends
on the state administration and is called an inter-community

Figure 1 Location of main river basin departments (black border
lines) and autonomous communities (shaded regions).
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basin. An intra-community basin lies completely within the
limits of one autonomous community, and the regional admin-
istration assumes authority for water management.

Water planning is accomplished through two main
instruments: basin hydrological plans and the national hydro-
logical plan.

The Water Act of 1985 conceived the basin hydrological
plans as the central instruments in regulating water, to
which, according to the text of the act, “all action in the public
domain is subject.” After a drafting process of more than 10
years, the legal texts of the plans were finally approved in
1998. Afterward, information about water resources in Spain
was collected, analyzed, and described in the so-called “Libro
Blanco del Agua en España” (“White Paper on Water in
Spain”) (Ministerio de Medio Ambiente, 2000), and it was used
as the basis of the national hydrological plan. Approved by
the Spanish Parliament in July 2001 and partially modified
in 2004, the national hydrological plan includes the following
measures to ensure the coordination of the different basin
hydrological plans: forecasts, structural measures, and mod-
ifications affecting existing public supply or irrigation sys-
tems.

B. Drought Definition

As in other Mediterranean countries with large arid or semi-
arid areas, droughts in Spain are difficult to evaluate and
quantify and thus are difficult to define. Many definitions are
used, and often it is not clear when a drought situation has
started or finished or even if it has existed. In some large river
basins, the definition of a drought is based on simple rainfall
statistics. For example, for the river Ebro, one of the largest
rivers in Spain, a dry period starts according to Spanish law,
“when rainfall amounts in two consecutive months within the
series are lower than 60% of the average rainfalls for these
months.” For the river Guadiana, “a situation of drought occurs
when the sum of rainfalls registered during the 12 preceding
months is lower than those registered in 75% of the cases
within the period analyzed.” In some cases, the definition of
drought is based on the relationship between supply and
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demand. For instance, in the Guadalquivir River basin, the
following definition is used: “a situation in which the resources
accumulated are insufficient to satisfy the demand.” In the
river basin Norte III* (one of the wettest in Spain), the experi-
ence of previous droughts must be taken into account to plan
water supply facilities. The Norte III hydrological plan points
out “the works have to be planned in accordance with the
demand on the basis of the droughts that occurred in the
1941–43 and 1989–90 periods, without admitting any errors
and considering that there are sufficient resources for such
purposes within the scope of the plan.” This plan also defines
“dry year” as one in which the yearly cumulative flow is half
of the average and “very dry year” as one in which the cumu-
lative flow amounts to 75% of the flow registered in a dry year,
or slightly more than 35% of the yearly average cumulative
flow.

Regarding drought definition, an interesting case refers
to the provisions about emergency situations included in the
treaty between Spain and Portugal on transboundary river
basins. This agreement, known as Albufeira, was signed in
Albufeira, Portugal, at the end of 1998. It establishes that in
case of drought situations, Spain will not be in breach of the
treaty for failing to maintain the quantity or quality of the
discharges fixed in the agreement as minimum inflow to Por-
tugal for standard meteorological conditions. In a drought
situation, it is understood that the first priority should be to
maintain the water supply for urban uses and, in conse-
quence, other requirements of the treaty would be temporarily
repealed. Drought situations are defined on the basis of a
referenced precipitation calculated for a specific time period
in each river basin using data from only two or three rain
gauges through different weights that are applied at each
control point. This precipitation is compared with a percentile
of the mean for the same period. Tables 1 and 2 explain the
drought definition process proposed for the river Miño.  

* Norte river basin is divided into three subbasins for administrative pur-
poses: Norte I, Norte II, and Norte III.
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The lack of a universally accepted definition for drought
has consequences that go beyond academic discussions. For
example, as will be indicated in the following section, Spanish
water regulations allow river authorities to adopt emergency
measures, including occupation of private lands or stopping
specific uses such as irrigation, if a drought situation has been
declared.

C. The Experience of the 1990–95 Drought

The most severe droughts in Spain in the last century
occurred in 1941–45, 1979–83, and 1990–95. These three

TABLE 1 Step 1: Calculation of the Mean (M)a and 
Reference (R) Precipitation

River Basin
Rain Gauge 

Stations

Weights of Each Control 
Point for the Precipitation 

Assessment

Miño Lugo
Orense
Ponferrada

30%
47%
23%

a Calculated for the period 1945–46 to 1996–97 and updated every 5 years.

TABLE 2 Step 2: Identification of a Drought Situation

River 
Basin

Control Point 
(along border 

between Spain 
and Portugal)

Minimum 
Discharge to 

Be Ensured by 
Spain along 
the Border 

with Portugal 
(millions 
m3/year)

Starting Date 
for Derogation 

Period is July 1 
if …

Ending Date for 
Derogation 

Period is the 
Following 
Month to 

December if … 

Miño Salto de Freira 3700 R ( cumulative 
rainfall from 
October 1 to 
July 1) <70% 
M 
(cumulative 
rainfall from 
October 1 to 
July 1)

R (cumulative 
rainfall from 
October 1 to 
July 1) >M 
(cumulative 
rainfall from 
October 1 to 
July 1)
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droughts were extensive and affected most of the country. The
map in Figure 2 shows the percentage decrease in average
rainfall from October 1990 to September 1995 compared to
the average rainfall for the 1940–1996 period. Several river
basins suffered decreased rainfall percentages, around 30%.
The resulting reduction in runoff in most of the country was
more than 40% and amounted to more than 70% in two basins
(Guadiana and Guadalquivir).

The drought of 1990–1995 affected more than one-third
of the total population of Spain. For example, during these
years, there were severe restrictions on water use in cities
like Granada, Malaga, and Seville, and irrigation was banned
during 1993–95 in the Guadalquivir River basin. The situa-
tion forced cities and regions to adopt different measures. For
example, the search for new groundwater resources was car-

Figure 2 Percentage decrease in rainfall during 1990–1995 in
Spain in comparison with the average values for the period
1940–1996.
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ried out on a large scale. The city of Granada, with a popu-
lation of 300,000 and a yearly demand of around 35 million
m3, had to be supplied mainly with groundwater, changing its
water supply system, which had previously used mainly sur-
face water. Groundwater was also used to solve problems in
irrigated areas such as the Jucar and Segura River basins.
Unconventional methods were applied, such as increasing
water reuse and even transporting water by boat to cities like
Cadiz and Majorca. New desalinization plans were proposed,
but most were never carried out. Regulations were adopted
to allow emergency measures to be taken. For example, the
so-called Commissions on Droughts in each RBD had the
power to reduce or suspend water use and require users to
install specific devices for saving water. A decree issued by
the Council of Ministers empowered the government, after
consulting the Commissions on Droughts, to adopt “such mea-
sures as shall be necessary as regards the utilization of the
public water domain, even if a concession has been granted
for its exploitation,” if an extraordinary drought occurs.

II. DRIVING FORCES AND PRESSURES IN 
WATER STRESS SITUATIONS

A. Water Balance in Spain

Spain on average has sufficient water to meet water demands,
but these resources are very unevenly distributed. According
to the “White Paper on Water in Spain” (Ministerio de Medio
Ambiente, 2000), natural water resources are estimated at
111 billion m3 per year, distributed as shown in Figure 3. 

The total amount of natural water resources is not avail-
able for abstractions.* Two limitations are usually considered:
(1) a precautionary reserve of 20% of the natural resources
for environmental requirements, and (2) the minimum water
volume that must be maintained along the Spanish–Portu-
guese border, per the Albufeira Treaty.

Annual freshwater abstraction by sector is shown in
Table 3 (Ministerio de Medio Ambiente, 2000). To illustrate
the possibilities of reusing water, we obtain the consumptive
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fraction of the water demand that cannot be reused, by apply-
ing different percentages: 20% for urban use, 80% for irriga-
tion, 20% for industrial use, and 5% for energy use.

With the percentages for reusing water and data
obtained from the basin hydrological plans, the distribution
of the total water demand in Spain is shown in Figure 4.

Once maps of potential water resource supply and
demand have been drawn up, they can be compared to identify
existing imbalance and its territorial location (see Figure 5).

* EUROSTAT (Statistical Office of the European Communities) defines
water abstraction as “water removed from any source, either permanently
or temporarily.” In Europe, water abstraction is equivalent to water with-
drawal. Water demand is defined as the “volume of water requested by
users to satisfy their needs.” According to EUROSTAT, water use is “water
actually used by end users for a specific purpose within a territory, such as
for domestic use, irrigation or industrial processing.”

Figure 3 Natural annual water resources in Spain (mm). (From
Ministerio de Medio Ambiente, 2000.)
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TABLE 3 Annual Freshwater Abstraction in Spain, by Sector

Urban 
Water 

Demand

Consumptive 
Urban Water 

Demand

Agricultural 
Water Demand 

(Irrigation)

Consumptive 
Agricultural 

Water Demand 
(Irrigation)

Industry 
Water 

Demand* 

5,393 1,079 27,863 22,290 1,920

Consumptive 
Industrial Water 

Demand

Energy 
Water 

Demand

Consumptive 
Energy Water 

Demand

Total 
Water 

Demand

Total 
Consumptive 

Water Demand
Returned 

Water

384 5,679 284 40,855 24,037 16,818

Note: All figures are in millions of cubic meters per year.
Source: Ministerio de Medio Ambiente (2000).

Figure 4 Total water demand in Spain (mm). (From Ministerio
de Medio Ambiente, 2000.)
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B. Potential Effects of Global Warming

Global warming effects on water resources availability could
aggravate the situation described above, further upsetting the
equilibrium between water supply and demand in some
places. In Spain, according to the studies carried out by the
Intergovernmental Panel on Climate Change, a doubling of
CO2 could cause a global annual temperature increase rang-
ing from 1 to 4ºC by 2030. This would be accompanied by a
decline of 5–15% in the global annual precipitation for the
Mediterranean basin. The effects resulting from climate
change on the availability of water resources have been eval-
uated in the “White Paper on Water in Spain” under two
scenarios. An optimistic scenario, Scenario 1, indicates an
increase of 1ºC in the mean annual temperature. Scenario 2,
a more pessimistic scenario, indicates a decline of 5% in the
average annual precipitation and an increase of 1ºC in tem-

Figure 5 Territorial distribution of water deficits (mm). (From
Ministerio de Medio Ambiente, 2000.)
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perature. Scenario 1 produces a decline of about 5% in water
resources for the entire territory of Spain, with reductions
around 10% in rivers such as Guadiana, Júcar, and Segura.
Scenario 2 causes a decrease of about 15% in the total water
resources, with reductions of about 20% in the three rivers
mentioned above.

C. Trends in Water Demands

Lack of water availability can be produced by a lower amount
of resources in the system or by an increase in the demand.
Higher water demands introduce new uncertainty factors and
make some areas particularly vulnerable to drought situa-
tions. In many places, overexploitation of resources exacer-
bates drought impacts.

As in other Mediterranean countries, many areas of
Spain do not have adequate water resources to meet all
demands. In case of water conflicts in Spain, the Water Act
of 1995 describes a water use list, establishing the following
priorities, from first to last in importance: water supply in
urban areas, irrigation, industrial uses for power generation,
other industrial uses, fish farming, recreational uses, and
navigation.

In Spain, irrigation exerts the greatest pressure on water
resources. The quantity of water required for irrigation con-
stitutes about 70% of the total demand in Spain, or about
8000 m3/ha/year. Irrigation is a key economic activity in Spain,
covering only 15% of the total agricultural land but accounting
for more than half of the total agricultural production and
one-third of the total salaries in the sector. In some regions,
the agri-food sector generates more than 15% of the industrial
employment. Irrigation and, in general, agricultural activities
in Spain depend mainly on the so-called Common Agricultural
Policy (CAP) of the European Union. The CAP is basically a
policy to regulate markets of agricultural products inside the
European Union. Initially its philosophy was based on setting
a minimum guarantee price for products, which assured farm-
ers some income for their crops, beyond price fluctuations.
The failures of this policy, among them the generation of
considerable surpluses in some agricultural products, led to
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strong criticism that has culminated in several reforms. The
new CAP is based on a reduction of the institutional prices,
establishment of compensatory aids to the producer (instead
of the protection of the product via prices), and the establish-
ment of environmental protection measures: prevention of
diffuse pollution, afforestation of arable lands, etc.

The second-highest consumptive water demand in Spain
is urban water supply, currently at about 5 billion m3, which
could be satisfied by available water resources. However, the
supply system is not always reliable. Recent droughts in
Spain, especially the one in 1990–95, have shown that in
significant areas of Spain, the supply systems have failed,
and therefore the supply guarantee, which in theory should
be close to 100%, has been far from its goal. In fact, serious
shortages persist in Spain, often caused by problems in the
supply infrastructures. In some cases, facilities do not have
enough capacity, especially in tourist areas with high seasonal
populations. Additionally, the water delivery infrastructure,
especially in small cities, is outdated and results in significant
leakage.

Figure 6 shows the expected trend of water demand in
Spain, by sector. Water demands are expected to change in
small percentages in the future. Urban water supply is an
illustrative example. Although the population will increase
over the next few years, improved water use efficiency and
water-saving practices produce only a slight decrease in
demand as a final result.

III. RESPONSE STRATEGIES

A. Early Identification of Droughts

In Spain and other northern Mediterranean countries,
drought forecasting based on climatic indicators is not oper-
ational. One of the most suitable indicators is the North
Atlantic Oscillation (NAO), which shows the pressure gradi-
ent in the region. In the winter, when the NAO is low, west-
erlies are weaker and do not penetrate as far into Europe, so
temperatures are influenced by cold high pressure located
over Eurasia and precipitation is reduced (EEA, 2001
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Forecasting the evolution of NAO is not yet possible.
Some researchers (Iglesias, 2000) believe that reliable predic-
tions in the Mediterranean area are far from being available
for operational purposes.

Experience from recent severe droughts in Spain has
shown that droughts are identified too late, complicating the
implementation of remediation measures. The “White Paper
on Water in Spain” (Ministerio de Medio Ambiente, 2000)
notes:

Taking into account the experience of recent droughts, it
is advisable to implement an early warning system that
can activate emergency plans. This early warning system
should use indicators based on information easily avail-
able (precipitation, water stocks in reservoirs, or aquifer
water table levels, for example) to alert people of the
possible start date of a drought or to identify its intensity. 

This approach has been adopted in the national hydrological
plan of Spain. Title II (Complementary Rules for Planning)
and article 27 (Drought Management) of the plan note:

The Environment Department and river basins affecting
two or more Autonomous Communities, looking for the
reduction of environmental, economic, and social impacts
produced by drought situations, will implement a global

Figure 6 Trends in water demand in Spain. (From EEA, 1999.)
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system of hydrological indicators. These indicators should
allow the River Basin Authorities to declare different
warning situations.

To develop this system, river basin authorities have started
to select a group of representative control points. The process
has five main steps:

1. In each major river basin, elaboration of a zone clas-
sification, considering its importance in water
resources generation

2. Selection of the most representative indicators to
monitor water resources in each zone, and for each
indicator, selection of representative control points

3. Collection of temporal data series for each control
point

4. Elaboration of criteria to be used in early identifica-
tion of droughts, according values to each indicator

5. Updating of the temporal series associated with each
indicator (monthly data)

Preliminary classification of zones and selection of control
points has been completed. The selection of control points
includes:

• Rain gauge stations
• Streamflow gauging stations
• Reservoir stocks
• Water table indicators

Maps comparing the situation at the control points for the
current month with historical data—for instance, by obtain-
ing percentiles and indicating them by a color code—are the
main output of the system. These maps, like the one shown
in Figure 7, provide a general overview of the hydrological
situation and can be used for defining drought severity or
triggering emergency measures.

B. Systems Operation

The indicators previously described are mainly based on anal-
ysis of precipitation and flows. These two types of indicators
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take into account only the water supply, not the demand.* For
practical purposes, an indicator for a drought early warning
system should indicate if the system is close to a failure, given
that the main goal of the system should be to simulate the
effect of mitigation measures or to put emergency plans into
practice.

The use of mathematical modeling for the management
of complex water resources systems (Sánchez Quispe et al.,
2001) is a real improvement. These models use data such as
water stock in reservoirs, groundwater levels, and streamflow.
Their application for quantifying failure probabilities of the
system elements allows a risk assessment for different
demand scenarios. Therefore, these models offer worthy tools
not only to detect drought but also to evaluate measures to
reduce its effects.

In Madrid, the water supply company Canal de Isabel II
has defined four phases for water stress situations (Canal de
Isabel II, 2003) based on the total water stocks in the reser-
voirs managed by the company (see Figure 8) and the impacts
of the water yield reduction on the management of the system.

Phase 0 or drought alert. Preparatory measures are trig-
gered during this stage. Its definition ensures a mini-
mum period of 2 months before the subsequent phase,
even in the event of the lowest yields ever recorded.

Phase 1 or severe water stress. This stage defines the
actual starting point for the drought. The main objec-
tive of this phase will be to reach a total reduction of
9% in consumptive uses, based on information cam-
paigns.

Phase 2 or serious water stress. In this phase, several
restrictions are imposed to reach an average reduction
of up to 26% in consumptive uses (on average; values
depend on the different water uses).

* However, reservoir stocks and water table indicators integrate supply and
demand.



Droughts and Water Stress Situations in Spain 383

Phase 3 or emergency situation. This theoretical scenario
would be a catastrophic social situation that would
force the national government to apply civil protection
measures. Water consumption should be reduced to 80
liters per capita per day.

IV. CONCLUSIONS AND 
RECOMMENDATIONS

Spain, like many other Mediterranean countries, has not had
clear criteria and strategies to identify and manage droughts.
In the severe drought of 1990–95 the crisis situation was
identified too late, affecting the efficiency of emergency mea-
sures. In addition, drought forecasting based on climatic indi-
cators is not operational at present.

A major increase in water demands in Spain is not fore-
seen because improved water use efficiency neutralizes the
effect of population or irrigation growth. However, the effects
of global warming on water resources availability could break
the equilibrium between water supply and demands. More-
over, although Spain on average has sufficient water to meet

Figure 8 Water stress situation phases for the water supply
company in Madrid for 2003. The figures are based on statistical
analysis, so they must be updated yearly.
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demands, its uneven distribution in time and space produces
local and temporal water stress situations.

Response strategies are being developed and should be
implemented in the near future. They include:

• Elaborating clear and consistent criteria for early
drought identification, which would allow timely acti-
vation of established emergency plans in a crisis situ-
ation. This early identification implies the need for
developing alert indicators based on information that
is usually available.

• Developing technical guidance for water management
in drought situations. Drought action plans should
have clearly established rules and procedures, includ-
ing criteria for applying restrictions, conditions for
adopting special procedures to increase the flexibility
and exchange of rights between users and their finan-
cial regulation, mobilization of hydrologic reserve
areas, and temporary increases in the exploitation of
aquifers.

Finally, an extremely important drought preparedness
issue is ensuring the transparency of the drought assessment
process and continuous public participation in the decision-
making process. The cooperation of end users in efforts to save
water and design measures to be taken in emergency situa-
tions is essential.
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I. INTRODUCTION 

Despite the fact that drought is an inevitable feature of cli-
mate for nearly all climatic regimes, progress on drought
preparedness has been extremely slow. Many nations now feel
a growing sense of urgency to move forward with a more



390 Wilhite and Pulwarty

proactive, risk-based drought management approach (ISDR,
2003; Wilhite, 2000). Certainly the widespread occurrence of
this insidious natural hazard in recent years has contributed
to the sense of urgency. But, drought occurs in many parts of
the world and affects portions of many countries on an annual
basis. For example, the average area affected by severe and
extreme drought in the United States each year is 14%. This
figure has been as high as 65% (1934) and has hovered in the
35–40% range in recent years. So, does the widespread occur-
rence of drought in the United States over the last 5–6 years
explain the emergence of several national initiatives centered
on drought monitoring and preparedness, given that events
of this magnitude have not motivated policy makers to act in
the past? Our experience would suggest that this is only one
of the factors contributing to the increased attention being
directed to this subject in the United States and in other
drought-prone countries.

Climate change and the potential threat of an increase
in frequency and severity of extreme events are also a con-
tributing factor. However, the uncertainty associated with
climate change is probably not playing a significant role in
this trend because most policy makers have difficulty thinking
beyond their term of office or the next election. For regions
that have in recent decades experienced either a downward
trend of annual precipitation or a higher frequency of drought
events (perhaps multi-year in length), or both, the potential
threat of climate change already seems real. Decision making
under uncertainty is onerous, but critically important. Policy
makers and resource managers often seem of the opinion that
climate change projections are in error, preferring to presume
that there will not be a change in the climate state and that
extreme climatic events such as drought will not change in
frequency or severity. Little consideration is given to the real
posibility fact that projected changes in climate may be too
conservative or underestimate the degree of change in the
frequency and severity of extreme events for some locations. 

In our view, the most significant factor explaining the
growing interest in drought preparedness is associated with
the documented increase in social and economic vulnerability
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as exemplified by the increase in the magnitude and complex-
ity of impacts. Although global figures for the trends in eco-
nomic losses associated with drought do not exist, a recent
report from the U.N. Development Program (UNDP Bureau
of Crisis Prevention and Recovery, 2004) indicates that annual
losses associated with natural disasters increased from
US$75.5 billion in the 1960s to nearly US$660 billion in the
1990s. Losses resulting from drought likely follow a similar
trend. In addition, these figures for natural disasters are
likely underestimated because of the inexact reporting or
insufficiency of the data. And, these loss estimates do not
include social and environmental costs associated with natu-
ral disasters over time. This increase has been observed in
both developing and developed countries, although the types
of impacts differ markedly in most cases, as illustrated by
numerous authors in this book.

With respect to drought, how can we define vulnerability?
It is usually expressed in terms of a society’s capacity to
anticipate, cope with, resist or adapt to, and recover from the
impact of a natural hazard. Vulnerability is represented by a
continuum from low to high and varies among community,
population group, region, state, and nation. It is the result of
many social factors. For example, population is not only
increasing but also shifting from humid to more arid climates
in some areas and from rural to urban settings for most
locations. As population increases and lifestyles change, so do
the pressures on water and other natural resources. Conflicts
between water users escalate accordingly. Population
increases force more people to reside in climatically marginal
areas where exposure to drought is higher and the capacity
to recover is diminished. Urbanization is placing more pres-
sure on limited water supplies and overwhelming the capacity
of water supply systems to deliver that water to users, espe-
cially during periods of peak demand. An increasingly urban-
ized population is also increasing conflict between
agricultural and urban water users, a trend that will only be
exacerbated in the future. More sophisticated technology
decreases our vulnerability to drought in some instances
while increasing it in others. Greater awareness of our envi-
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ronment and the need to preserve and restore environmental
quality is placing increased pressure on all of us to be better
stewards of our physical and biological resources. Environ-
mental degradation such as desertification is reducing the
biological productivity of many landscapes and increasing
vulnerability to drought events. All of these factors emphasize
that our vulnerability to drought is dynamic and must be
evaluated periodically. The recurrence of drought today of
equal or similar magnitude to one experienced several
decades ago will likely result in far greater economic, social,
and environmental losses and conflicts between water users.

II. MOVING FROM CRISIS TO RISK 
MANAGEMENT: CHANGING THE 
PARADIGM

In 1986, an international symposium and workshop was orga-
nized at the University of Nebraska that focused on the prin-
cipal aspects of drought, ranging from prediction, early
warning, and impact assessment to response, planning, and
policy. The goal of this meeting was to review and assess our
current knowledge of drought and determine research and
information needs to improve national and international
capacity to cope with drought (Wilhite and Easterling, 1987).
Reflecting on this meeting today, nearly 20 years later, and
its outcomes, it would seem that it may represent the begin-
ning of the movement to a new paradigm in drought manage-
ment—one focusing on reducing societal vulnerability to
drought through a more proactive approach. Today, we are
experiencing the impacts of drought in greater magnitude
than ever before. Clearly, it has taken time for the policy
community to become more aware of these impacts, their
complexities, and the ineffectiveness of the reactive, post-
impact or crisis management approach. The factors explaining
the slow emergence of this new paradigm are many, but it is
clear that it has emerged in many countries and in many
international organizations dealing with disaster manage-
ment and development issues. A more proactive, risk-based
approach to drought management must rely on a strong sci-
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ence component. It also must occur at the interstices of science
and policy—a particularly uncomfortable place for many sci-
entists.

Figure 1 in Chapter 6 illustrates the cycle of disaster
management, depicting the interconnectedness or linkages
between crisis and risk management. The traditional crisis
management approach has been largely ineffective, and there
are many examples of how this approach has increased vul-
nerability to drought because of individuals’ (i.e., disaster
victims’) greater reliance on the emergency response pro-
grams of government and donor organizations. Drought relief
or assistance, for example, often rewards the poor resource
manager who has not planned for drought whereas the better
resource manager who has employed appropriate mitigation
tools is not eligible for this assistance. Thus, drought relief is
often a disincentive for improved resource management.
Should government reward good stewardship of natural
resources and planning or unsustainable resource manage-
ment? Unfortunately, most nations have been following the
latter approach for decades because of the pressures associ-
ated with crises and the lack of preparation. Thus, relief can
also mask fundamental underlying problems of governance
and international policy. Redirecting this institutional inertia
to a new paradigm offers considerable challenges for the sci-
ence and policy communities.

As has been underscored many times by the contributors
to this volume, reducing future drought risk requires a more
proactive approach, one that emphasizes preparedness plan-
ning and the development of appropriate mitigation actions
and programs, including improved drought monitoring and
early warning. However, this approach has to be multi-the-
matic and multi-sectoral because of the complexities of asso-
ciated impacts and their interlinkages. Risk management
favorably complements the crisis management part of the
disaster management cycle such that in time one would expect
the magnitude of impacts (whether economic, social, or envi-
ronmental) to diminish. However, the natural tendency has
been for society to revert to a position of apathy once the



394 Wilhite and Pulwarty

threat accompanying a disaster subsides (i.e., the proverbial
“hydro-illogical cycle”; see Figure 1 in Chapter 5).

This raises an important point that has not been
addressed in detail in this publication: What constitutes a
crisis? Crises are inextricably tied to decision making. The
Merriam-Webster dictionary gives the following definitions of
crisis:   the decisive moment (as in a literary play); an unstable
or crucial time or state of affairs whose outcome will make a
decisive difference for better or for worse. The word crisis is
taken from the Greek “krisis,” which literally means “deci-
sion.” A crisis may be said to be occurring if a change or
cumulative impacts of changes in the external or internal
environment generates a threat to basic values or desired
outcomes, there is a high probability of involvement in conflict
(legal, military, or otherwise), and there is awareness of a
finite time for response to the external value threat. A crisis
is not yet a catastrophe; it is a turning point. Crisis situations
can be ameliorated if different levels of decision makers per-
ceive critical conditions to exist and if a change of the situation
is possible for the actors. Thus informed “decision making” is
key to effective mitigation of crises conditions and the proac-
tive reduction of risk to acceptable levels. Being proactive
about hazard management brings into play the need for deci-
sion support tools to inform vulnerability reduction strategies,
including improved capacity to use information about impend-
ing events.

A key decision support tool for crisis mitigation is embed-
ded within the concept of “early warning.” As discussed in
Chapter 1 and elsewhere in this volume, early warning sys-
tems must be made up of several integrated subsystems,
including (1) a monitoring subsystem; (2) a risk information
subsystem; (3) a preparedness subsystem; and (4) a commu-
nication subsystem. Early warning systems are more than
scientific and technical instruments for forecasting hazards
and issuing alerts. They should be understood as credible and
accessible information systems designed to facilitate decision
making in the context of disaster management agencies (for-
mal and informal) in a way that empowers vulnerable sectors
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and social groups to mitigate potential losses and damages
from impending hazard events (Maskrey, 1997).

Natural hazard risk information, let alone vulnerability
reduction strategies, is rarely if ever considered in develop-
ment and economic policy making. Crisis scenarios can let us
view risk reduction as much from the window of opportunity
provided by acting before disaster happens as from the other
smaller, darker pane window following a disaster. Given the
slow onset and persistent nature of drought, mitigating poten-
tial impacts, in theory and in practice, must be recast as an
integral part of development planning and implemented at
national, regional, and local levels. Institutions responsible
for responding to droughts must take a more proactive stance
in assisting sectors through their own private and public
institutions in preparing not only for disaster events but also
in analyzing vulnerability and proposing practical pre-event
mitigation actions. Impact assessment methodologies should
reveal not only why vulnerability exists (who and what is at
risk and why) but also the investments (economic and social)
that, if chosen, will reduce vulnerability or risk to locally
acceptable levels. Studies of the natural and social context of
drought should include assessment of impediments to flows
of knowledge and identify appropriate information entry
points into policies and practices that would otherwise give
rise to crisis situations (Pulwarty, 2003).

III. FINAL THOUGHTS

Drought results in widespread and complex impacts on society.
Numerous factors influence drought vulnerability. As our pop-
ulation increases and becomes more urbanized, there are
growing pressures on water and natural resource managers
and policy makers to minimize these impacts. This also places
considerable pressure on the science community to provide
better tools and credible and timely information to assist deci-
sion makers. The adaptive capacity of a community (defined
here in the broadest terms) means little if available tools, data,
and knowledge are not used effectively. In addition, issues of
sustainable development, water scarcity, transboundary water
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conflicts, environmental degradation and protection, and cli-
mate change are contributing to the debate on water manage-
ment. Drought certainly exacerbates all of these problems and
has significant cumulative impacts across all of these areas
beyond the period of its climatological occurrence. Improving
drought preparedness and management is one of the key chal-
lenges for the future. The motivation for this book was to
provide insights into these important issues and problems
and, it is hoped, point toward some real and potential solu-
tions. The contributors to this volume have addressed a wide
range of science, technology, and management issues in theory
and practice. Building awareness of the importance of
improved drought management today and investing in pre-
paredness planning, mitigation, improved monitoring and
early warning systems, and better forecasts will pay vast
dividends now and in the future.

Finding the financial resources to adopt risk-based
drought preparedness plans and policies is always given as
an impediment by policy and other decision makers. However,
the solution is right in front of them—divert resources from
reactive response programs that do little, if anything, to
reduce vulnerability to drought (and, as has been demon-
strated, may increase vulnerability) to a more proactive, risk-
based management approach. For example, in the United
States, more than $48 billion has been spent on drought
assistance programs since 1988 (David Goldenberg, personal
communication). One can only imagine the advances that
could have been made in pre-drought mitigation strategies
had a substantial portion of these funds been invested in early
warning and information delivery systems, decision support
tools to improve decision making, improved seasonal climate
forecasts, drought planning, impact assessment methodolo-
gies, and better monitoring networks. The key to invoking a
new paradigm for drought management is educating the pub-
lic—not only the recipients of drought assistance that have
become accustomed to government interventions in times of
crisis, but also the rest of the public, whose taxes are being
used to compensate drought “victims” for their losses. There
will always be a role for emergency response, whether for
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drought or some other natural hazard, but it needs to be used
sparingly and only when it does not conflict with preestab-
lished drought policies that reflect sustainable resource man-
agement practices.

On the occasion of World Water Day in March 2004, the
Secretary-General of the United Nations, Kofi Annan, stated:

Water-related disasters, including floods, droughts, hur-
ricanes, typhoons, and tropical cyclones, inflict a terrible
toll on human life and property, affecting millions of peo-
ple and provoking crippling economic losses. … However
much we would wish to think of these as strictly natural
disasters, human activities play a significant role in
increasing risk and vulnerability. … Modern society has
distinct advantages over those civilizations of the past
that suffered or even collapsed for reasons linked to water.
We have great knowledge, and the capacity to disperse
that knowledge to the remotest places on earth. We are
also the beneficiaries of scientific leaps that have
improved weather forecasting, agricultural practices, nat-
ural resources management, and disaster prevention,
preparedness, and management. New technologies will
continue to provide the backbone of our efforts. But only
a rational and informed political, social and cultural
response—and public participation in all stages of the
disaster management cycle—can reduce disaster vulner-
ability, and ensure that hazards do not turn into unman-
ageable disasters.

We would argue that the complexities of drought and its
differences from other natural hazards as outlined in this book
are more difficult to invoke than for any other natural hazard,
especially if the goal is to mitigate impacts. Special efforts
must be made to address these differences as part of drought
preparedness planning, or the differences will result in a fail-
ure of the mitigation and planning process. It is imperative
that future drought management efforts consider the unique
nature of drought, its natural and social dimensions, and the
difficulties of developing effective early warning systems, reli-
able seasonal forecasts, accurate and timely impact assess-
ment tools, comprehensive drought preparedness plans,
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effective mitigation and response actions, and drought policies
that reinforce sustainable resource management objectives.
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