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WATER SECURITY

Coping with the curse of
[freshwater variability

Institutions, infrastructure, and information for adaptation
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oping with variable and unpredict-

able freshwater resources represents

a profound challenge to climate adap-

tation. Rainfall, snowmelt, soil mois-

ture, and runoff can vary from zero to

large quantities, over a range of time
scales and in ways not well predicted by cli-
mate models. Extreme floods and droughts
are the most obvious manifestations, but
hydrologic variability can also have chronic
impacts. Water security involves manag-
ing these risks so that they do not place
an intolerable burden on society and the
economy (I). We discuss interlinked roles
of institutions, infrastructure, and informa-
tion in managing those risks.

Economic output [Gross Domestic Prod-
uct (GDP)] can be sensitive to hydrologic
variability (2), especially in agriculture-

dependent societies. Droughts,
PoLICY floods, and extreme variability

affect output directly and have
ripple effects through the economy, depend-
ing on the severity of the hydrologic hazard
and the vulnerability of socioeconomic sys-
tems. For example, hydrologic variability
in Ethiopia accounts for there having been
38% less economic growth than would have
been expected based on average rainfall (3).
Multiyear drought in Syria has triggered mi-
gration into cities by unemployed farmers,
contributing to conflict (4).

Even the perceived risk of future losses
can create disincentives for investment,
which inhibits growth. The $43 billion in
economic losses and $16 billion insured
losses due to the 2011 flooding in Thailand
(see the photo) shook the insurance indus-
try and threatened continued foreign direct
investment (5).

UNDERSTANDING VARIABILITY. With
hydrologic variability poorly understood
(6), extreme events can be hard to predict.
Future changes in variability are highly
uncertain. At least three dimensions of hy-
drologic variability can cause harm: intra-
annual (seasonal and monthly), interannual
(year-to-year), and unpredictable timing and
intensity of extremes. Strong seasonal vari-
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ability, experienced in monsoonal and tropi-
cal climates, limits the productive portion
of the year. In parts of India, 50% of annual
precipitation falls in just 15 days, and over
90% of annual river flows are concentrated
in only 4 months of the year (7). Arid regions,
like the southwestern United States, Austra-
lia, Middle East, North Africa, and Central
Asia, are characterized by strong interannual
variability, increasing the likelihood of mul-
tiyear droughts and also of intense rainfall
that far exceeds the average and can lead to
catastrophic flash flooding.

When these dimensions are combined,
the situation is most challenging—a wicked
combination of hydrology that confronts
the world’s poorest people. Of the 35 river
basins with a population greater than one
million that are classified by the World Bank
as “low income,” 19 have variability of run-
off that is greater than both the interannual
and intra-annual medians (across all popu-
lous river basins globally), and only two have
variability of runoff that is less than both the
interannual and intra-annual medians (see
supplementary materials).

The scale of economic losses depends
on factors that are difficult to isolate. Cop-
ing capacity increases with wealth (8), with
more resources invested to manage risk. Yet,
increasing wealth can increase economic
exposure to extreme events, with more as-
sets in harm’s way. The Intergovernmental
Panel on Climate Change (IPCC) reports that
losses from climate-related hazards were 1%
of GDP for middle-income countries during
the years 2001-2006, but only 0.1% of GDP

Floods in Thailand in 2011 caused $43
billion in losses (5). Rojana Industrial Park,
Ayutthaya, Thailand, October 2011 (14).
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for high-income countries (8). Major invest-
ments in risk reduction, often triggered by
catastrophic losses, e.g., the 1926-27 Mis-
sissippi River floods and 1953 floods in the
Netherlands, have proved to be effective in
managing economic impacts of climate haz-
ards. Yet deteriorating infrastructure and
changing frequency of extreme events can
push losses beyond the tolerability thresh-
old, as seen from U.S. impacts of hurricanes
Katrina and Sandy.

Countries have little control over their
hydrologic endowment: when and where it
rains and how much water evaporates, in-
filtrates, and runs off. Countries that have
managed to grow economically, notwith-
standing complex hydrology, have invested
heavily to reduce risk. In river basins where
there has been low investment to cope with
complex hydrology, economic output is
overwhelmingly low (see the chart, lower
right) (Fig. 2). By contrast, countries along
river basins with benign hydrology are more
wealthy, even though investments in water
management have sometimes been quite
modest (see the chart, left side). Additional
investment required to transition from
water-insecure to secure is greatest in river
basins with highly variable hydrology (see
the chart, right side). This is least affordable
and hardest to deliver in the poorest coun-
tries. Although investment in institutions
and infrastructure can shift river basins up-
ward in the chart, reflecting improved wa-
ter security, climate change may shift them
rightward, adding to the threat in societies
already underequipped to cope with risk.

PATHWAYS TO WATER SECURITY. Adapt-
ing to hydrologic variability, building re-
silience to risk, involves “the three T’s”:
institutions, infrastructure, and informa-
tion. Institutions and governance (including
river basin organizations, legal systems, na-
tional governments, and nongovernmental
organizations) support proactive planning
and development of legal and economic in-
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Linking economic growth, hydrologic variability, and investment in risk mitigation. The world’s river basins
with a population >2 million, colored according to GDP per capita of the population in the basin. The horizontal axis
summarizes hydrologic variability. The vertical axis is a composite indicator of investment in infrastructure and
institutional capacity. The colored contours are a linearly interpolated surface reflecting the association between
variability, water security investments, and GDP. See supplementary materials for details.

struments to manage and share risks (water
allocation and property rights, land zoning,
watershed protection, water pricing and
trading, insurance, and food trade liberal-
ization) (9). Investments in infrastructure
buffer variability and minimize risks (stor-
age, transfers, groundwater wells, levees,
wastewater treatment, and desalination). In-
formation collection, analysis, and transfer
(monitoring, forecast and warning systems,
expert know-how, simulation models, and
decision-support systems) are essential for
operating institutions and infrastructure.
Coping with variability involves combina-
tions of the three I's—seldom do they yield
their full benefits in isolation. Thus, although
individual projects have typically been the
“unit of currency” in investment decision-
making, this needs to be replaced by a more
systemic view of the pathway to water secu-
rity, sequencing investments along a pathway
that can most cost-effectively and equitably
reduce risk. Benefits of water security may
not fully materialize until some way along
the pathway when systems are nearing com-
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pletion. Unwise choices can lock in unsus-
tainable pathways, storing up future costs,
for example, of environmental restoration.

Investment in hydraulic infrastructure
is not consistently productive. Investments
may be wasteful and inefficient, and perhaps
socially and ecologically harmful, causing
political disruption and undermining the
catchment’s capacity to deliver ecosystem
services (10). A transformation in investment
appraisal is therefore required, focused on
risks, trade-offs, and uncertainties associated
with alternative investment pathways. There
are promising cases of analysis of costs and
benefits of water resources management in
a changing climate [e.g., in the Great Lakes
(11) and the Dutch Delta Programme] and
of long-term planning for water security in
a rapidly urbanizing world (e.g., in Singa-
pore). Even in these advanced-economy set-
tings, the analysis of risks, exploration of
uncertainties, and development of long-term
investment plans have generally not been
integrated in the way that we believe water
security requires.

In practice, this requires (i) accounting
for what is known about variability (from
the observed record and model evidence)
and taking proportionate risk-based deci-
sions (12), (ii) extensive sensitivity testing
of residual uncertainties (known and un-
known) to identify key vulnerabilities and

Published by AAAS

select robust options, and (iii) promotion of
adaptive approaches and system resilience
that can cope with unexpected change (13).

There is increasing capability for model-
ing runoff, water resources, and extreme
events, but there has been disinvestment in
observation systems that are essential for
validation of simulations and to provide evi-
dence for risk managers on the ground (6).
Embracing nonstationarity requires more
observations over space and time, not fewer,
exploiting the possibilities of new sensors
and data sources—from crowd-sourcing to
Earth observation.

Understanding the evolution of risk also
means tracking and predicting processes of
demographic, economic, social, institutional,
and environmental change. Global socioeco-
nomic data sets and scenarios are an excit-
ing advance but provide a limited picture of
vulnerability and exposure, often at coarse
resolution. Records of impacts of risks rely
heavily on reported events, which provide
an incomplete picture. Scarcest of all are the
data to quantify the effectiveness of invest-
ments in institutions and infrastructure to
reduce risk. We know that successful invest-
ments are path dependent, i.e., that context
matters. But we do not know, for different
basins and development paths, what are the
critical balance and sequencing of invest-
ments in institutions, infrastructure, and
information.
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