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Key messages

 In many places climate-related events have become more frequent 
and more extreme. In developing countries extreme floods can re-
sult in many deaths, while in developed countries they can result 
in billions of dollars in damages. More intense droughts in the past 
decade, affecting an increasing number of people, have been linked 
to higher temperatures and decreased precipitation but are also fre-
quently a consequence of the mismanagement of resources and the 
neglect of risk management.

 Changes in flow and inputs of chemical and biological waste from 
human activity have altered the water quality and ecological func-
tioning of many of the world’s rivers. Global warming is expected to 
have substantial effects on energy flows and matter recycling through 
its impact on water temperature, resulting in algal blooms, increases 
in toxic cyanobacteria bloom and reductions in biodiversity.

 In areas of increasing water stress groundwater is an important buffer 
resource, capable of responding to increased water demands or of com-
pensating for the declining availability of surface water.
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A review of recent changes in the global 
water cycle that analysed more than 100 
studies (based on observations) found ris-
ing global and regional trends in runoff, 
floods and droughts, and other climate-
related events and variables in the second 
half of the 20th century that together 
support the perception of an intensifica-
tion of the hydrologic cycle.1 Meanwhile, 
substantial uncertainty remains about 
trends of hydroclimate variables due to 
differences in responses by variables and 
across regions, major spatial and tempo-
ral limitations in data (see chapter 13) 
and the effects of modifications in water 
resources development (withdrawals, 
reservoirs, land use changes and so on) on 
flow regimes.

Hazards vary with climate regions

Just as regions are experiencing different 
degrees of change related to climate vari-
ations and population and development 
pressures, so are they responding differ-
ently to changes in hydrologic extremes. 
This chapter identifies the areas that are 
most sensitive to changes in extremes and 
hazards and those that are likely to experi-
ence the most negative impacts on water 
resources.

Deserts t� face conflicting influences 
under climate change: potentially 
seeing more vegetation with higher 
carbon dioxide levels, but overall 
facing increases in drought and 
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Regions in the 
transition zone 
between major 

climate zones 
are susceptible 
to drought and 

thus to potential 
changes in climate

temperatures. With an already fragile 
environment, desert ecosystems could 
experience severe impacts.

Grasslands t� are influenced by precipita-
tion, both its total amount and its vari-
ability. Changing seasonal variability 
is important even when total precipita-
tion is rising, and declining summer 
rainfall could damage grassland fauna.

Mediterranean ecosystems t� are diverse and 
vulnerable, susceptible to changes in 
water conditions. Even with a tempera-
ture rise of 2ºC, the Southern Mediter-
ranean may lose 60%-80% of species.

Tundra and Arctic regions t� face the loss 
of permafrost and the potential for 
methane release with greater warming 
at the poles.

Mountains t� are seeing shortened and 
earlier snow and ice melt and related 
changes in flooding. At higher alti-
tudes increased winter snow can lead 
to delayed snow melt.

Wetlands t� will be negatively affected 
where there is decreasing water vol-
ume, higher temperatures and higher-
intensity rainfall.

Some studies have used climate models and 
greenhouse gas emission scenarios from 
the recent assessment by the Intergovern-
mental Panel on Climate Change (IPCC) 
to forecast differences between climate 
zones today and in 2100.2 They have found 
that under both high- and low-emission 
scenarios many regions would experience 
biome-level changes, suggesting that rain-
forest, tundra or desert areas may no longer 
have the same type of vegetation by 2100 
because of climate shifts (box 12.1).3 By the 
end of the 21st century large portions of 
the Earth’s surface may experience climates 
not found today, and some 20th century 
climate characteristics may disappear.

Regions in the transition zone between 
major climate zones (particularly between 
temperate and dry climates) are susceptible 
to drought and thus to potential changes 
in climate. A shift in climate may create 
a new transition zone, with unknown 
feedback mechanisms. A northward shift 
is observed in Southern Europe, causing a 
decline in summer precipitation in Cen-
tral and Eastern Europe. Climate models 
consistently predict an increase in sum-
mer temperature variability in these areas 
and attribute it mainly to strong land-
 atmosphere interactions. This could cause 

more droughts and heat waves in this 
and other mid-latitude regions. Regional 
climate models suggest that towards the 
end of the 21st century about every second 
summer could be as warm as or warmer 
(and as dry as or dryer) than the summer 
of 2003 in Europe.

Snow cover has decreased in most re-
gions, especially in spring and summer. 
Snow cover in the Northern Hemisphere 
observed by satellite from 1966 to 2005 
decreased in every month except Novem-
ber and December, with a step-wise drop 
of 5% in annual mean in the late 1980s. 
In the Southern Hemisphere the few long 
records or proxies show mostly decreases 
or no changes in the past 40 years or 
more.4

The Himalayan region is highly vulnerable 
to climate change because its major river 
drainage systems depend on substantial 
contributions from snow and glacier melt. 
In India the river systems originating from 
the Himalayas (Ganges-Brahmaputra and 
Indus) contribute more than 60% to the 
total annual runoff for all the rivers of 
India. These river systems hold immense 
potential as a future water source and 
drain the major plains of the country. 
Some Himalayan rivers receive more than 
half their flow from snow and glacier melt 
runoff near the foothills of the Himalayas. 
Melting of glaciers and a reduction in solid 
precipitation in mountain regions would 
directly affect water resources for domestic 
supplies, irrigated agriculture, hydropower 
generation and other water-dependent 
activities.

Changes in average streamflow

While hazards are normally associated 
with hydrologic extremes, changes in 
average streamflow, especially in already 
water-stressed areas, could cause substan-
tial risks to human activities. The IPCC re-
port suggests that by 2050 annual average 
runoff will have increased by 10%-40% at 
high latitudes and decreased by 10%-30% 
over some dry regions at mid-latitudes and 
semi-arid low latitudes.5 However, in many 
water-scarce regions land use change and 
increasing water resources development 
and use could mask the effects of climate 
change. At high latitudes, where an in-
crease in annual flow is predicted, the im-
pact on low flow and drought depends on 
the seasonal distribution of precipitation, 
the storage capacity of the catchment (abil-
ity to take advantage of higher winter pre-
cipitation), changes in evapotranspiration 
and the length of the growing season.
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The IPCC report notes increased annual 
runoff and earlier spring peak discharge in 
many glacier- and snow-fed rivers, indicat-
ing a regime shift for some rivers. This 
trend is projected to continue in response 
to increasing temperatures, resulting in 
increased summer streamflow in down-
stream regions receiving melt water from 
major mountain ranges, followed eventu-
ally by reduced streamflow.

Changes in extreme events

Extreme water-related events can have posi-
tive as well as negative impacts. They re-
charge natural ecosystems, providing more 
abundant water for food production, health 
and sanitation (box 12.2). In the lower 

Mekong River delta, for example, Cambodi-
ans trap water and nutrients carried down 
by the sediment during flood periods and 
use them to replenish rice paddies. Floods 
can be important to the aquatic and ripar-
ian ecology, as demonstrated during the 
artificial flooding of the Colorado River at 
the Grand Canyon in the United States. But 
extreme water-related events also destroy 
lives and property. The most common ex-
treme events are floods and droughts.

Floods and flooding
With global climate change and pro-
jected increases in global temperature, 
scientists generally agree that the hy-
drologic cycle will intensify and that 
extremes will become more common. 

The Mapped Atmosphere-Plant-Soil 
System (MAPSS), a biogeographic model, 
predicts changes in vegetation leaf area 
index, site water balance, runoff and 
biome boundaries. Global equilibrium 
impacts on these ecosystem proper-
ties were simulated under five general 
circulation model (GCM) potential climate 
scenarios with doubled carbon dioxide 
concentration. 

Leaf area index is the ratio of the vegeta-
tion’s leaf surface area per unit of ground 
area. The greater the leaf surface area, the 
more rapidly the vegetation will extract 
soil water. Most ecosystems will grow as 
much leaf area as can be supported by the 
water available during an average growing 
season. Thus, under normal conditions 
many ecosystems are very near a drought 
threshold. Warming lengthens the grow-
ing season, and evaporative demand 
increases exponentially with rising tem-
perature. Consequently, entire landscapes 
can extract all soil moisture before the 
end of the growing season and become 
susceptible to sudden decline under 
rapid warming, especially if coincident 
with a short-term drying trend. Regional 
increases in precipitation and benefits to 
plant water use efficiency from elevated 
carbon dioxide concentrations can offset 
the increased drought stress in some 
ecosystems. However, at global scales 
most ecosystem models show that the 
rapid increases in evaporative demand can 
overwhelm these benefits over large areas, 
possibly within the next few decades.

Regional patterns of vegetation change 
and annual runoff are surprisingly con-
sistent across the five GCM scenarios, 
considering the relative lack of consistency 
in predicted changes in regional precipita-
tion patterns (see bottom map). Eastern 
North America and Eastern Europe to 

western Russia show particular sensitivity 
to drought-induced forest decline. Uncer-
tainties about potential evapotranspiration 
and vegetation water use efficiency can 
alter the sign of the simulated regional 
responses, but the relative responses of 
adjacent regions appear to be a function 
largely of the background climate rather 

than of the vagaries of the GCMs and are 
intrinsic to the landscape. Thus, spatial un-
certainty maps can be drawn even under 
the current generation GCMs. 

Source: Ronald P. Neilson, Department of Forest 
Ecosystems and Society, Oregon State Univer-
sity; Neilson et al. 1998; Scholze et al. 2006.

Box 12.1 A global perspective on regional vegetation and hydrologic sensitivities to climate change

Average simulated change in vegetation leaf area index from five general 
circulation model scenarios

With no change in water use efficiency

With increase in water use efficiency

Note: All-side leaf area index is the leaf area (all-sides) per unit 
ground area; it is a non-dimensional (unitless) measure.
Source: Neilson and Marks 1994.

All-side leaf  
area index

Less than -10
-7.5 to -10
-5.0 to -7.5
-2.5 to -5.0
-1.0 to -2.5
-1.0 to 0
0
0 to 1.0
1.0 to 2.5
2.5 to 5.0
5.0 to 10.0
More than 10.0

All-side leaf  
area index

Less than -10
-7.5 to -10
-5.0 to -7.5
-2.5 to -5.0
-1.0 to -2.5
-1.0 to 0
0
0 to 1.0
1.0 to 2.5
2.5 to 5.0
5.0 to 10.0
More than 10.0
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The moisture-holding capacity of the 
atmosphere has been increasing at a rate of 
about 7% per 1°C of warming, creating the 
potential for heavier precipitation. There 
have likely been increases in the number 
of heavy precipitation events in many 
land regions – consistent with a warming 
climate and the observed increase in at-
mospheric water vapour, even where total 
precipitation has declined.

In developing countries extreme floods can 
result in many deaths, while in developed 
countries extreme floods cause material 
damage in the billions and tens of billions 
of dollars (see table 12.1 for examples). De-
structive floods in the last decade across the 
globe have led to record high material dam-
age. Other extreme high-impact water-relat-
ed events not listed in table 12.1 are floods 
in Europe in 1997 and 2002 and floods in 
China in 1996 ($26 billion in material dam-
age) and 1998 ($30 billion in material dam-
age). Yearly economic losses from extreme 
events rose tenfold between the 1950s and 
1990s in inflation-adjusted dollars.6 

The question is whether the frequency and 
magnitude of flooding are also increasing 
and, if so, whether that is in response to 
climate variability and change. Disaster 
losses, mostly weather and water related, 
have grown much more rapidly than 
population or economic growth, suggest-
ing a climate change factor. Globally, the 
number of great inland flood catastrophes 
was twice as large per decade between 
1996 and 2005 as between 1950 and 
1980, and economic losses were five times 
as great. The dominant drivers of these 

upward trends are socioeconomic fac-
tors, such as population growth, land use 
change and greater use of vulnerable areas.

Documented trends in floods show no 
evidence for a globally widespread change. 
One study identified an apparent increase 
in the frequency of ‘large’ floods (exceeding 
100-year return period levels) in 16 large 
basins across much of the globe during the 
20th century.7 Analyses of long time series 
of monthly river flow data showed that 
seven of eight 100-year floods occurred in 
the more recent half of the records. 

However, subsequent studies have provided 
less widespread evidence. A global change 
detection study does not support the 
hypothesis of a global increase of annual 
maximum river flows.8 The study found 
increases in 27 cases, decreases in 31 cases 
and no trend in the remaining 137 cases of 
the 195 catchments examined worldwide. 
Of the 70 time series for Europe only 20 
show statistically significant changes (11 
increases and 9 decreases). However, the 
overall maxima for the period (1961-2000) 
occurred more frequently (46 times) in the 
later subperiod, 1981-2000, than in the 
earlier subperiod (24 times), 1961-80. Evi-
dence is stronger for changes in the timing 
of floods, with increasing late autumn and 
winter floods. Fewer ice-jam related floods 
have been observed in Europe.

Low flows and droughts
Climate change is expected to influence 
precipitation, temperature and poten-
tial evapotranspiration and, through 
their combined effects, to influence the 

Urban areas cause substantial changes in 
stormwater hydrology, increasing runoff 
volumes and peak discharges and altering 
water quality. In the traditional view urban 
runoff is a nuisance to be removed as quick-
ly and effectively as possible. However, new 
studies and initiatives in several countries 
around the world have shown that storm-
water can become a resource, not merely a 
nuisance. Optimal management of runoff 
is determined by local conditions and can 
include recharge of aquifers, retention and 
detention to improve water quality and 
reduce downstream flood impacts and the 
cost of drainage systems, and on-site use of 
the water (rainwater-harvesting) to irrigate 
and enhance the urban environment. 
Stormwater management can be exercised 
from the household level to the entire built 
area of a city.

Traditionally planners decide on land 
uses and land cover and then give 
engineers the task of designing drainage 
systems to remove the runoff. In a frame-
work known as water-sensitive planning, 
water considerations are incorporated 
in land use and land-cover planning 
from the outset, following best manage-
ment practices on the distribution of 
pervious and impervious land cover and 
on constructed facilities for capturing, 
detaining, storing and infiltrating runoff. 
Efficient water use and conservation, 
recycling of grey water and possible use 
of treated wastewater should also be 
incorporated in planning.

With some effort, water-sensitive de-
signs can also be applied to existing 
urban areas. By connecting roof drains to 

pervious spaces, constructing low walls 
around properties to make them into 
mini-detention basins that store and infil-
trate runoff and directing excess water to 
playgrounds, planners can make better use 
of stormwater runoff and reduce flooding 
damages in open public spaces and parks. 
In the Coastal Plain of Israel, for example, 
where annual rainfall is just 500 millime-
tres, it has been estimated that the aquifer 
recharge could be increased by about 
25,000-77,000 cubic metres per square 
kilometre of urban area by connecting 
roof drains to a 15% pervious area on the 
property and surrounding the property 
with a low (approximately 20 centimetres) 
wall.

Source: Carmon and Shamir 1997.

Box 12.2 Managing urban stormwater in association with land use and land-cover planning can 
convert a nuisance into a resource
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Table 12.1 Examples of major floods and flooding worldwide, 1860-2008

Date Location
Meteorological  
conditions

Peak 
discharge  

(cubic metres 
per second)

Impact 
material 
damage  

(US$ millions)
Human  
losses

January 2008 Zambezi River,  
Mozambique

Heavy torrential precipitation in 
Mozambique and neighbouring 
countries

3,800 2 20 dead, 
113,000 displaced

May 2006 Lower Yukon,  
United States

Snowmelt, ice-jam break-up na na na

April-May 
2003

Santa Fe,  
Argentina

Saturated soil due to heavy 
precipitation in summer 2002 and 
April 2003

4,100 na 22 dead, 
161,500 displaced

February 
2000

Limpopo River,  
Mozambique

Extreme precipitation in tropical 
depression, enforced with 
torrential rain of three cyclones

10,000 na 700 dead, 
1,500,000 displaced

July 1997 Czech Republic Saturated ground after extreme 
long-lasting precipitation and 
extreme precipitation

3,000 1.8 114 dead, 
40,000 displaced

June 1997 Brahmaputra River,  
Bangladesh

Torrential monsoon rains during 
monsoon season

10,200 400 40 dead, 
100,000 displaced

March-April 
1997

Red River,  
United States

Heavy rains and snowmelt 3,905 16,000 100,000 homes flooded, 
50,000 displaced

November 
1996

Subglacial Lake 
Grímsvötn, Iceland

Jökulhlaup flood 50,000 12 na

February 
1996

West Oregon,  
United States

Extreme spring snowmelt and 
heavy spring precipitation

na na 9 dead, 
25,000 displaced

July 1995 Athens,  
Greece

Storm of a short duration and 
extreme intensity

650 na 50,000 displaced

November 
1994

Po River,  
Italy

Cold front associated with 
cyclonic circulation and heavy 
rainfall

11,300 na 60 dead, 
16,000 displaced

February 
1994

Meuse River,  
Europe

Heavy rain due to low pressure 
system

3,100 na na

September 
1993

Mississippi River,  
United States

Heavy precipitation in June 
and July; saturated soil due to 
extremely high precipitation

na 15,000 50 dead, 
75,000 displaced

November 
1988

Hat Yai City,  
Thailand

Brief torrential monsoon rain na 172 664 dead, 
301,000 displaced

January 1983 Northern Peru El Niño situation with heavy rains 3,500 na 380 dead, 
700,000 displaced

August 1979 Machu River,  
India

Exceptionally heavy rainfall, 
swollen river, resulting in collapse 
of the Matchu Dam

16,307 100 1,500 dead, 
400,000 displaced

June-
September 
1954

Yangtze River,  
China

Intensive rainfall over several 
months

66,800 na 30,000 dead, 
18,000 displaced

January 1953 North Sea,  
Netherlands

High spring tide and a severe 
European windstorm

na 504 1,835 dead, 
100,000 displaced

January 1910 Seine River,  
France

Very wet period for six months 
followed by heavy rains in January

460 na 200,000 displaced

May 1889 Johnstown,  
Pennsylvania,  
United States

Extremely heavy rainfall due to 
storm followed by breach of dike

na 17 2,200 dead

July 1860 Eastern Norway Frost and heavy snowfall 
followed by snowmelt and heavy 
precipitation

3,200 na 12 dead

na is not available or not applicable.

Source: Compiled by Siegfried Demuth, International Hydrological Programme, UNESCO.
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In the past three 
decades droughts 

have become 
more widespread, 
more intense and 

more persistent

occurrence and severity of droughts. But 
it is difficult to disentangle the impacts of 
climate change from those of other human 
influences (engineered effects and land use 
changes) and multidecadal climate variabil-
ity. More intense droughts, affecting more 
people and linked to higher temperatures 
and decreased precipitation, have been 
observed in the 21st century, in Europe and 
globally.9 A similar pattern is found for heat 
waves. The high pressure system that devel-
oped over Western Europe in 2003 blocked 
moist air masses from the west and allowed 
warm, dry air masses from Northern Africa 
to move northwards. The result was large 
precipitation deficits and record-breaking 
temperatures across most of Central and 
Southern Europe, with drought conditions 
lasting from March to September.

Several summaries of observed and 
predicted impacts of climate change on 
hydrologic droughts have been published.10 
A study of spatial and temporal changes 
in streamflow droughts using a dataset of 
more than 600 daily European streamflow 
records from the European Water Archive 
of the UNESCO Flow Regime from Inter-
national Experimental Data (FRIEND) 
detected no significant changes for most 
stations.11 However, distinct regional dif-
ferences were found. For 1962-90, exam-
ples of increasing drought were found in 
Spain, the eastern part of Eastern Europe 
and large parts of the United Kingdom, 
whereas examples of decreasing drought 
were found in large parts of Central Europe 
and the western part of Eastern Europe. 

These trends in streamflow drought could 
be explained largely by changes in precipi-
tation or artificial hydrologic influences in 
the catchment. However, the period ana-
lysed and the selection of stations can also 
influence regional patterns. Recent trend 
studies of long time series in the Czech Re-
public show that, following a catastrophic 
flood in 2002, extreme hydrologic drought 
occurred in 2003 and 2004 as a result of an 
increasing trend in air temperature and a 
long-term decline in precipitation, espe-
cially during the summer months.12 Ex-
treme droughts occurred in Europe in 2003 
and 2006. All these recent droughts could 
well change the spatial pattern of droughts 
found for Europe in the earlier study.

The heat wave and drought between June 
and mid-August 2003 in Europe were ac-
companied by annual precipitation deficits 
of up to 300 millimetres. Vegetation and ec-
osystems suffered heat and drought stress, 
and record wildfires were experienced 
(more than 5% of the forest area of Portugal 
burned). Gross primary production of ter-
restrial ecosystems across Europe fell to an 
estimated 30% of normal. Damages result-
ing from agricultural crop losses and higher 
production costs were estimated at more 
than !13 billion. Major rivers, including 
the Danube, Loire, Po and Rhine, were at 
record low levels, disrupting inland naviga-
tion, irrigation and power-plant cooling. 
Extreme glacier melt mitigated the effects 
of low rainfall and high evaporation on 
streamflows in rivers partly fed by glaciers, 
such as the Danube and the Rhine.

In the past three decades droughts have be-
come more widespread, more intense and 
more persistent due to decreased precipita-
tion over land and rising temperatures, 
resulting in enhanced evapotranspiration 
and drying. The occurrence of droughts 
seems to be determined largely by changes 
in sea surface temperatures, especially in 
the tropics, through associated changes in 
atmospheric circulation and precipitation. 
In the western United States diminishing 
snow pack and resultant reductions in soil 
moisture also appear to be factors. In Aus-
tralia (box 12.3) and Europe the extremely 
high temperatures and heat waves ac-
companying recent droughts have implied 
direct links to global warming. Sahelian 
droughts have led to severe losses of live-
stock, with losses as high as 62% observed 
in part of Ethiopia in 1998-99.13 Globally, 
very dry areas (land areas with a Palmer 
Drought Severity Index of 3.0 or less) have 
more than doubled since the 1970s (from 
about 12% to 30%), with a large jump in 
the early 1980s due to an El Niño Southern 

For large parts of southern and 
eastern Australia dry conditions have 
persisted since October 1996. For 
some areas the rainfall deficit over this 
period exceeded a full year’s normal 
rainfall. In the agriculturally important 
Murray-Darling River basin October 
2007 marked the sixth year of lower 
than average rainfall, with November 
2001-October 2007 being the driest 
such six-year period on record.

The recent drought in Australia has 
contributed to changes in Australia’s 
management of water resources. 
Acknowledging that too much water 
has been taken from rivers and 
aquifers, particularly in the Murray-
Darling basin, Australia has decided 
that it must make better use of its 
water resources. This means improved 
efficiency and productivity of water 
use and better use of water markets to 
optimize the economic benefits that 

water brings (see box 4.2 in chapter 
4). Australia understands that it must 
secure water supplies for current 
and future needs, including from a 
range of new sources that rely less on 
rainfall given the clear threat climate 
change poses to traditional water 
sources.

Water restrictions have been put in 
place in all major cities in response 
to the severe drought. These include 
restrictions on watering lawns, using 
sprinkler systems, washing vehicles, 
hosing in paved areas, refilling swim-
ming pools and others. Restrictions 
can be adjusted to current conditions. 
In some cities water inspectors moni-
tor water use and can impose fines or 
shut off water supplies for water use 
infractions.

Source: www.mdbc.gov.au/ and www.
bom.gov.au/.

Box 12.3 Drought in Australia, 1996-2007
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Heavy 
groundwater 
pumping has led 
to unsustainable 
conditions, with 
falling water 
levels, degraded 
groundwater 
aquifers and 
increased 
salinization

Oscillation-related precipitation decrease 
over land and subsequent increases due 
primarily to surface warming.14

Climate change and other global trends 
such as increasing population and increas-
ing deforestation demand better risk as-
sessment in the management of vulnerable 
water resources, balancing social, envi-
ronmental and economic requirements, to 
achieve a sustainable water supply system.

Changes in groundwater

The groundwater portion of the water cycle 
has been subjected to massive changes, 
particularly during the past hundred years 
as humans learned to dig or drill wells and 
abstract groundwater using pumps. Use of 
groundwater for irrigated agricultural has 
increased enormously in the past 50 years, 
and some 70% of global groundwater 
abstraction is now estimated to be used in 
irrigation. Particularly in areas associated 
with the green revolution, heavy ground-
water pumping has led to unsustainable 
conditions, with falling water levels, de-
graded groundwater aquifers and increased 
salinization. Pollution of shallow aquifers 
became widespread four or five decades ago 
and has triggered water quality protection 
measures in many countries (see chapter 8).

Groundwater abstractions have also 
contributed to the development of rural 

economies,15 indicating that a balance 
has to be found in groundwater develop-
ment. Groundwater serves a water shortage 
buffer function during short-term climate 
variations and is important to adaptation 
strategies. In many places groundwater 
mining from fossil aquifers is the only reli-
able means of obtaining water (see chap-
ter 11). These groundwater resources are 
increasingly being used for agricultural, 
industrial and domestic water supplies, 
although they are almost never recharged.

Changing land use and water infrastruc-
ture have also greatly modified ground-
water regimes, with groundwater pump-
ing from deep aquifers now a worldwide 
phenomenon. In many places groundwater 
is pumped with no understanding of its 
source or its annual recharge and therefore 
of how much may be used sustainably. 
Results include falling water levels, desic-
cated wetlands, dewatered rock sequences 
and land subsidence (box 12.4). More data 
are urgently needed to quantify ground-
water resources worldwide as a basis for 
improved groundwater management.

Changes in erosion, landslides, 
river morphology and 
sedimentation patterns

A more vigorous hydrologic cycle would 
imply greater water extremes, which could 
affect the relationships between hydrology 

Industrial and agricultural development in 
the last century, accompanied by an ex-
ponential growth of cities, led to concen-
trated pumping of groundwater resources 
worldwide. During the 1960s and 1970s 
subsidence occurred in many parts of 
the world, with widespread damage to 
property and infrastructure. Large cities 
built on highly compressible sediments 
in coastal areas increasingly experienced 
flooding and salt intrusion. Controlled 
pumping schemes and artificial recharge 
measures have managed to slow and even 
reverse subsidence. But with sea levels pro-
jected to rise as a result of global climate 
change, maintaining these schemes and 
minimizing the contribution of subsidence 
has become even more urgent.

Even as Venice experienced a relative sea 
level rise of 23 centimetres over the last 
century, the subsidence associated with 
aquifer depletion increased exponentially 
until 1961. With curtailing of overexploita-
tion since 1970, subsidence has stabilized 
at the rate of natural subsidence, at less 

than 0.5 millimetre a year, and the artesian 
aquifers have begun to rebound.

The effects of rapid urbanization and 
industrialization are especially apparent in 
China, where increasing subsidence has led 
to extensive environmental and economic 
damage in more than 45 cities, more than 
11 of which have experienced cumulative 
subsidence of more than 1 metre. Tianjin 
experienced related economic losses from 
1959 to 1993 estimated at $27 billion. 
Shanghai took drastic measures in 1965, as 
total subsidence since 1920 had reached as 
much as 2.63 metres. Pumping has been 
reduced by 60%, and users are requested 
to inject the same quantity of water into 
aquifers in winter as is used in summer. 
While pumping-related subsidence has 
been controlled, drainage for construction 
and compaction of foundation layers have 
been causing subsidence rates of up to 10 
millimetres a year since 1990.

Many groundwater basins in the arid 
and semi-arid United States experienced 

subsidence in response to heavy pump-
ing, effectively reducing aquifer storage. 
As a result of rapid growth of Las Vegas, 
Nevada, pumping rates have exceeded 
natural recharge since about 1960, despite 
imports of Colorado River water. In the 
late 1980s the Las Vegas Water Valley 
District initiated an artificial recharge pro-
gramme, injecting Colorado River water 
into the principal aquifers. Net annual 
pumpage has now been reduced to the 
level of natural recharge. The water level 
drawdown has recovered from a maxi-
mum of 90 metres to as few as 30 metres. 
Subsidence has also decreased consider-
ably, although the depressurized aquifer 
continues to compact, evidence that the 
detrimental effects of overpumping can 
continue long after control measures have 
been taken.

Source: Ger de Lange, the Netherlands Organisa-
tion for Applied Scientific Research, Built Environ-
ment and Geosciences; Poland 1984; Carbognin, 
Teatini, and Tosi 2005; Hu et al. 2004; Chai et al. 
2004; Wang 2007; Bell et al. 2008.

Box 12.4 Controlled exploitation and artificial recharge as effective measures against 
detrimental subsidence
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and geomorphology. More intense rainfall 
could lead to more water-induced ero-
sion, while drier climates could result in 
wind-induced erosion. And changes in 
the seasonal distributions of rainfall can 
have significant implications for patterns 
of vegetation growth and thus for soil ero-
sion. Climate and erosion are interdepend-
ent components of the Earth’s hydrologic 
cycle and of the environment. In addition 
to being affected by shifts in climate, soil 
erosion can affect climate. Desertifica-
tion processes are intertwined with soil 
degradation and vegetation changes. These 
changes, possibly exacerbated by erosion, 
result in the loss of soil carbon and the 
release of carbon dioxide into the atmos-
phere, contributing to global warming. 
Changes in vegetative growth and land 
use that are driven by accelerated erosion 
can also influence the hydrologic cycle 
and thus the climate.

Changes in the key hydrologic drivers, 
such as rainfall amount and intensity, sur-
face runoff and river discharge, caused by 
climate change and changes in land cover 
and land use, can be expected to cause 
significant increases in global soil erosion 
and in the sediment loads transported by 
rivers. Changes in sediment load could re-
flect both changing rates of sediment mo-
bilization and supply to the river system 
and changes in transport capacity caused 
by changes in discharge and the impact 
of reservoirs and other human-made sinks 
and stores in reducing downstream fluxes. 
In turn, changes in the sediment regimes 
of rivers affect the storage capacity of 
reservoirs and the yield of water resources 
systems. Although data are limited, it is 
possible to assess the general magnitude 
and direction of changes in erosion and 
sediment transport over the past decades.

Erosion rates
The conversion of native vegetation to 
agriculture has been shown to increase soil 
erosion rates 10- to 100-fold.16 With agri-
cultural land now occupying about 37% 
of the ice-free area of the continents, it is 
clear that agriculture has had an enormous 
impact on global erosion rates. Increased 
erosion rates have important implications 
for the sustainability of the global soil re-
source, food security and the environment.

Much of the world’s farmland has been 
cultivated for centuries and in some re-
gions for millennia. Major increases in soil 
erosion rates are unlikely to have occurred 
within these areas in the recent past. But 
in other areas, particularly in developing 
countries, a rapidly expanding population 

has led to recent land clearance and rapid 
expansion of cultivated land. Since 1960 
world population has approximately dou-
bled, and cropland has increased by more 
than 10%.17

From a global perspective, however, such 
recent increases in soil loss are likely 
to have been at least partially offset by 
reduced erosion in other regions follow-
ing implementation of soil conservation 
programmes and improved land manage-
ment during the 20th century. In the 
United States soil conservation and related 
measures promoted by the Food Security 
Act of 1985 have reduced total annual ero-
sion from cropland by an estimated 40%, 
from 3.4 gigatonnes (Gt) a year

 
to 2.0 Gt.18 

In China erosion control measures in the 
loess region of the Middle Yellow River 
basin after 1978 helped reduce the annual 
sediment load of the Middle Yellow River 
from about 1.6 Gt

 
in the mid-20th century 

to 0.7 Gt
 
at the end of the 20th century.19 

Elsewhere, the progressive introduction of 
no-till and minimum till practices – now 
implemented on an estimated 5% of world 
cropland20 – has also reduced erosion rates 
on cultivated land. Such measures typi-
cally reduce erosion rates by more than 
one order of magnitude.21

While an accurate assessment of the rela-
tive importance of these opposing trends 
for the contemporary global soil erosion 
budget is still not possible, it is clear that 
significant changes are occurring. Fur-
thermore, there is increasing recognition 
that, with the greater variability of rainfall 
and the higher frequency of extreme 
storm events accompanying future climate 
change, erosion rates in many areas of the 
world are likely to rise. A recent study in 
the Midwestern United States, combin-
ing the output from general circulation 
models with erosion models that also took 
into account the likely impact of climate 
change on crop management and crops 
grown, suggested that erosion rates would 
increase in 10 of the 11 study area regions. 
Increases relative to 1990-99 were predict-
ed to range from 33% to 274% by 2040-59.

Sediment loads
A river’s sediment load is sensitive to a 
range of environmental controls related to 
both the supply of sediment to the river 
and its ability to transport that sediment. 
Long-term sediment measurements are un-
available for most of the world’s rivers, pre-
cluding detailed analysis of global trends, 
but available data show that important 
changes are occurring.22 For many riv-
ers there is evidence of reduced sediment 
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loads in recent years,23 primarily because 
of the construction of dams, which trap 
a large proportion of the sediment load 
previously transported by the river. One 
estimate suggests that more than 40% of 
global river discharge is intercepted by 
large dams (dams with a storage capacity 
of more than 0.5 cubic kilometre).24 Dams 
on the Colorado and the Nile Rivers have 
reduced the sediment load of those rivers 
to near zero.

Changes in sediment load have impor-
tant implications for global geochemical 
cycling and sediment-associated carbon 
fluxes. From a more local perspective 
increased sediment loads frequently cause 
degradation of water quality and aquatic 
habitats and increased siltation of reser-
voirs, river channels, canal systems and 
harbours. In many contexts reduced sedi-
ment loads bring benefits, but in deltas 
and coastal areas reduced sediment inputs 
can remove important nutrient sources 
and lead to shoreline recession. Landslides, 
the most dramatic erosion process, present 
the gravest hazard to human communi-
ties. Until the International Geotechnical 
Society UNESCO Working Party on World 
Landslide Inventory was established dur-
ing the International Decade for Natural 
Disaster Reduction of 1990-2000, there 
was no common definition of landslides. 
The international unified definition was 
agreed as ‘the movement of a mass of rock, 
debris or earth down a slope’.25 Landslides 
are classified by a combination of the type 
of material (rock, debris and earth) and 
type of movement (fall, slide, flow, topple 
and spread).

While the definition has been approved 
internationally, no unified map of the 
distribution of landslides has ever been 
prepared. However, a global-scale landslide 
susceptibility map was produced by the 
International Programme on Landslides 
with World Bank funding.26 Landslide 
susceptibility is calculated from topog-
raphy, earthquake and rainfall data. The 
model does not include the shear strength 
of soils, which is difficult to quantify at 
the global scale. Recently, the US National 
Aeronautics and Space Administration 
(an International Consortium on Land-
slides member) also compiled a landslide 
susceptibility map using Shuttle Radar 
Topography Mission data, the Food and 
Agriculture Organization’s digital soil map 
and other information.

Changes in precipitation or precipitation-
causing phenomena (such as cyclones 
and typhoons) can lead to increased 

severity or frequency of landslides. If 
these changes are accompanied by seismic 
activities, there is a strong potential for 
an increase in landslide-triggering events. 
For example, in 2004 Japan experienced 
the greatest number of typhoons in its 
history. After one of these typhoons the 
2004 Niigata-ken Chuetsu earthquake 
occurred. The earthquake triggered more 
large-scale landslides than had events of 
a similar magnitude, such as the 1995 
Hyogo ken-Nanbu (Kobe) earthquake and 
the 2005 Fukuoka-ken Saiho-oki offshore 
earthquake. In February 2006 a small 
earthquake, which occurred five days after 
three days of continuous rainfall, triggered 
a huge landslide in Leyte Island, Philip-
pines, killing more than 1,000 people.

Climate change will affect water qual-
ity and ecosystem health through higher 
water temperatures, lower water lev-
els, more flooding and changes in lake 
stratification patterns. Aquatic ecosystem 
dynamics are driven by temperature and 
water availability, which determine energy 
flow; the primary production, composi-
tion, structure and biological diversity of 
ecosystems; the range of global biomass; 
pattern of ecosystem succession and the 
type of climax biome.

Increased water temperatures promote 
algal blooms and increase toxic cyano-
bacteria bloom. A toxin produced by mi-
crocistis (Microcistina-LR) is 10 times more 
toxic than strychnine. Toxic cyanobacteral 
blooms, already present on all continents, 
may intensify, requiring restrictions on 
people’s use of water resources.

Relatively small increases in temperature 
also accelerate energy flow and matter 
cycling: a 1°C warming enhances eco-
system productivity by 10%-20% at all 
trophic levels. An increase in zooplankton 
consumption may reduce the density of 
this food source, resulting in a decline in 
the food base for fish, inhibiting growth 
and favouring small species over large 
(an insufficient food base for larger spe-
cies). An overlapping of changing abiotic 
conditions, such as rising temperature and 
declining dissolved oxygen content, may 
be an additional stressor, contributing 
to a lowering of biodiversity and ecosys-
tems function. This could mean shifts 
in dominant species, a destabilization of 
the ecosystem equilibrium and a shift to 
another steady-state. Rising water tem-
peratures and related changes in ice cover, 
salinity, oxygen levels and water circula-
tion have already contributed to global 
shifts in the range and abundance of algae, 
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zooplankton and fish in high-latitude 
oceans and high-altitude lakes, as well as 
to earlier migrations of fish in rivers.

The effects of increased temperatures and 
the acceleration of biological processes 
will differ depending on hydrologic type 
and the characteristics and complexity of 
aquatic ecosystems. In colder regions, for 
example, rising water temperatures can 
improve water quality during winter and 
spring, with earlier ice breakup increasing 
oxygen levels and reducing winter fish-
kills.27

The response of river ecosystems to cli-
mate change will depend on their location 
within the river basin. Longitudinal link-
ages are important to the functioning of 
river ecosystems. Upper sections of rivers 
are usually driven by abiotic factors (flow 
and water quality), and the biotic struc-
tures are better adapted to high abiotic 
(hydrologic) variability, resistant to rapid 
and unexpected changes and better able to 
recover from stress. Down the river course, 
with more stable abiotic characteristics, 
biotic processes determine ecosystem dy-
namics, and ecosystems are more vulner-
able to global warming.

Modification of precipitation patterns due 
to climate change will directly influence 
runoff and the timing and intensity of 
nutrient and pollutant supplies to rivers 
and lakes. Greater changes are expected in 
catchments with degraded vegetation cover, 
landscape drainage and wetland loss. Open 
nutrient cycles in the terrestrial ecosystems 
due to reduced nutrient retention in bio-
mass and mineralization of organic matter 
in soils will intensify nutrient loss to fresh-
water. More intense rainfall events will also 
lead to greater fluvial erosion and increases 
in suspended solids loads (turbidity) in lakes 
and reservoirs.28 Extension of the growing 
season due to global warming may increase 
the duration of agricultural activities, which 
may cause more nutrient leaching from 
agricultural areas.29 All these processes will 
contribute to intensification of eutrophica-
tion, a common problem in lakes and rivers 
all over the world and a serious hazard for 
human activities (drinking water, aquacul-
ture, recreation) and ecosystem functioning.

The expected overall lowering of water 
levels in rivers and lakes will worsen water 
quality. Water reserves will become more 
turbid through the resuspension of bottom 
sediments,30 and the reduction in water 
supply will increase the concentration of 
pollutants in water resources. Oxygenation 
of river water – a key indictor of biological 

water quality – is enhanced under high 
flow conditions that encourage surface 
aeration. Simulations of stream conditions 
under several climate change scenarios 
found that decreased streamflows resulted 
in decreased oxygen levels and water 
quality.31 Salinity levels will increase 
with decreasing streamflow in semi-arid 
and arid areas. Salt concentrations are 
predicted to increase 13%-19% by 2050 in 
the upper Murray-Darling River basin in 
Australia.32 Salinization of water resources 
is also predicted to be a major hazard for 
island nations, where coastal seawater 
intrusion is expected with rising sea levels.

The higher temperature, change in precipi-
tation patterns and shift in regional wind 
regimes associated with climate change are 
likely to alter the thermal stratification of 
lakes and reservoirs. Higher temperatures 
are likely to increase thermal stability and 
alter mixing patterns in lakes, resulting 
in reduced oxygen concentrations and 
increased release of phosphorous from 
sediments.33 Simulations suggest that lakes 
in subtropical zones (latitude 30° to 45°) 
and subpolar zones (latitude 65° to 80°) 
are subject to greater relative changes in 
thermal stratification patterns than are 
mid-latitude or equatorial lakes and that 
in subtropical zones deep lakes are more 
sensitive than are shallow lakes.34 

Simulations also show that winter stratifi-
cation in cold regions would be weakened 
and the anoxic zone would disappear.35 
The greatest increases in water tem-
peratures are foreseen in lakes where the 
duration of ice cover will be substantially 
reduced. In addition, simulations show a 
10° or more northward shift in the bound-
ary of ice-free conditions in the North-
ern Hemisphere.36 Observations during 
droughts in the boreal region of north-
western Ontario, Canada, show that lower 
inflows and higher temperatures produce a 
deepening of the thermocline.37 Changes 
in wind speed and direction contributing 
to patterns of lake and reservoir mixing 
and thermal stratification may alter the 
biomass cycling in lakes. Countries that 
share water resources may face additional 
challenges under conditions of changing 
hazards. In areas with experience of haz-
ards countries are used to managing such 
crises. But if hazards become more severe 
(in intensity or magnitude), countries will 
face new challenges, requiring additional 
cooperation with other concerned coun-
tries in mitigating hazards.38

In new hazard-exposed areas there will be 
great variations in how countries mitigate 
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hazards affecting international waters. In 
broad terms OECD countries in Europe, 
North America and South East Asia would 
be able to direct their institutional and 
financial resources towards new cooperative 
efforts. Developing countries, with limited 
resources and hazard mitigating experience, 
would be more exposed. Examples include 
the Mekong River basin and some of the 
major basins in West and Central Africa.39

Changes in transboundary water resources 
(through engineered developments or 
climate change) will present opportuni-
ties for international cooperation. The 
cooperation must be based on a common 

understanding of the nature of the re-
source as well as its value to the countries 
who share it. And it must involve collect-
ing and sharing reliable data and applying 
compatible data analysis methods.

Attention is coming to transboundary 
groundwater issues much later than to 
surface water concerns. Governments, 
institutions and other stakeholders that 
have developed strategies for effective 
groundwater resources management at 
the local and national levels are learning 
that coordination is also necessary across 
administrative boundaries (see box 12.5 
on the Guaraní aquifer). As a result, over 

The Guaraní aquifer 
in Argentina, Brazil, 
Paraguay and Uruguay 
averages some 250 
metres in thickness and 
covers an estimated 
area of 1.2 million 
square kilometres. The 
aquifer’s groundwater 
resources are contained 
in sand and sandstone 
beds deposited since 
the Mesozoic Era and 
mostly confined below 
volcanic rocks. Estimated 
annual recharge is about 
166 cubic kilometres, 
produced mainly in 
the zones where there 
are outcroppings of 
unconfined parts of the 
aquifer. The climate in 
the area is humid to 
subhumid, with annual 
precipitation of 1,200-
1,500 millimetres.

The quality of the 
Guaraní’s groundwater 
is generally good, with 
a few exceptions. About 
20 million people live 
over the aquifer, and 
some parts are intensely 
exploited, while others 
are virtually untouched. 
There are still many gaps 
in knowledge about the 
state and performance of 
this aquifer system.

The four countries have cooperated 
since early 2003 in a project for sus-
tainable management and protection 
of the aquifer, with support from the 
Global Environment Facility, the World 
Bank and the Organization of American 
States and with participation of the 

International Atomic Energy Agency 
and the German Federal Institute for 
Geosciences and Natural Resources. The 
project aims to explore and assess the 
aquifer system in more detail and to 
develop a framework for coordinated 
management. In addition, four pilot 

areas with emerging problems have 
been selected to gain experience in 
local management.

Source: www.sg-guarani.org/index;  
UNESCO/OAS ISARM 2007. 

Box 12.5 Towards transboundary management of the Guaraní aquifer

Location of the Guaraní transboundary aquifer

PARAGUAY

URUGUAY

ARGENTINA

BRAZIL

URUGUAY

ARGENTINA

BRAZIL

BOLIVIA

MontevideoBuenos Aires

Santa Fe
ParanáCórdoba

Salto Rivera

Resistencia Corrientes

Formosa

Tucumán

Salta

Jujuy

Encarnación (Itapúa)

Santiago
del Estero

Cuiabá

Goiânia

Brasília

São Paulo

Curitiba

FlorianópolisFlorianópolis

Campo Grande

Ribeirão Preto

Porto Alegre

Catamarca

Belo Horizonte

A T L AN
T I C

 O
C E AN

Concordia

Asunción

Santana do 
Livramento

Posadas

Potential indirect recharge areas
From surface runoff
From underground flows

Potential direct recharge areas
Porous: Guaraní outcroppings
Fractured/porous: 
basalt and sandstone

Potential discharge areas
Porous: Guaraní outcroppings
Fractured/porous: 
basalt and sandstone
Fractured/porous: to be defined

Cities (pilot areas)
State/provincial capitals
National capitals
National boundaries
Plata watershed basin
Paraná geological basin
Paraná geological basin 
(to be defined)
Wetlands

Source: Guaraní Aquifer System Project 2003.
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the last decade international and regional 
organizations have developed initiatives 
related to internationally shared aquifer 
resources management, in cooperation 
with countries in the regions concerned.40

Mapping and descriptions of transbound-
ary aquifers are the first steps. The United 
Nations Economic Commission for Europe 
conducted an inventory of transboundary 
aquifers in Europe in 1999,41 and inven-
tories in other regions followed. Recent 
outcomes are an atlas of the 68 identified 
transboundary aquifers of the Americas42 
and an assessment report on transbound-
ary rivers, lakes and aquifers that includes 
51 transboundary aquifers in South-
eastern Europe and 18 in the Caucasus 
and Central Asia region.43 International 
projects are facilitating the exchange of 
information and experiences and devel-
oping improved methodologies and the 
scientific basis of transboundary aquifer 
management. A 2007 agreement created 
the UNESCO Regional Centre for Shared 
Aquifer Resources Management for Africa 
in Tripoli. The United Nations Internation-
al Law Commission, in cooperation with 
the UNESCO-International Hydrological 
Programme, drafted articles on the Law 
on Transboundary Aquifers, which was 
subsequently approved by the UN General 
Assembly on 11 December 2008.

Challenges: hazards and 
opportunities

Based on identified trends, the future will 
see increased pressure on water resources 
and changes in the patterns and magni-
tudes of resource availability related to 
changing climate patterns. While climate 
change represents a huge challenge, it 
also represents an opportunity – for new 
growth, innovation in the management 
of water resources and development of a 
modern economy. Because humans have 
modified and adapted their lifestyles 
to the existing climate and its inherent 
variability, climate change is expected to 
affect most aspects of human life, no-
tably through the hazardous aspects of 
water- related events. Some areas may gain 
greater access to water through increased 
precipitation, while others may have less 
or more variable water resources.

Over many generations the human race 
has shown an amazing ability to adapt 
and adjust to climate variability and 
increasing pressure on resources. There 
are many examples of countries that have 
managed their scarce resources efficiently 
and effectively, despite low rainfall and 

streamflows. Spain, a traditionally dry-
climate country, has historically succeeded 
in managing its water resources through 
adaptation. An example of potential 
water gain is South Africa. Analysis of the 
actual evapotranspiration and yield of five 
commonly grown crops (beans, ground-
nuts, maize, millet and sorghum) in two 
selected districts found that yield increases 
with evapotranspiration, although the 
gap remains wide between actual and 
potential yield and actual and maximum 
evapotranspiration, especially for rainfed 
crops.44 The analysis also showed that a 
2°C rise in temperature and a doubling 
of carbon dioxide concentration in the 
atmosphere will shorten the growing 
period of maize, lowering crop water 
requirements.

The increased exposure to potential cli-
mate change hazards has raised awareness 
of critical issues related to water resources 
management that require solutions re-
gardless of the impacts of climate change. 
The revision of management strategies 
in response to potential climate change 
threats therefore represents an opportu-
nity to implement policies and practice 
that will lead to more sustainable use of 
resources. These could include improved 
observation networks (see chapter 13), 
increased integration of groundwater and 
surface water supplies (including artificial 
recharge), improved early warning and 
forecasting systems for hazardous events, 
improved risk-based approaches to man-
agement and the raising of community 
awareness of sustainable water resources 
use and individual responses to water-
related hazards.

The threat of climate change has led to 
many developments in the simulation 
of atmospheric processes, improving the 
accuracy of climate and weather forecasts. 
Combined with improved technology 
for monitoring, collecting and analysing 
information, these developments should 
lead to improvements in warning systems 
for floods and droughts and other major 
water-related events. If these can be com-
bined with hazard mitigation strategies 
involving all levels of affected communi-
ties, there are enormous opportunities to 
avoid loss of human life and economic 
losses.

There are also many specific examples of 
turning potential hazards into opportuni-
ties. These include using increased runoff 
from glacial melting to develop more 
reliable water supplies for larger areas and 
using flood water storage to increase the 
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reliability of water supplies and improve 
floodplain management and planning 
(box 12.6).

Small and shallow alluvial aquifers scat-
tered over the Earth’s arid and semi-arid 
regions – preferential zones for human 
settlement – are probably the most vul-
nerable groundwater systems to climate 
change.45 Yet in areas of increasing water 
stress groundwater is an important buffer 
resource, capable of responding to overall 
increased water demands or of compensat-
ing for loss in surface water availability.

This buffer capacity of groundwater 
systems depends on the ratio between 
the volume of stored groundwater and 
the mean annual recharge. Some major 
aquifers with non-renewable groundwater 
resources are found in arid environments 
of North and Southern Africa, the Arabian 
Peninsula and Australia and under perma-
frost in Northern Asia.46 The direct impact 
of climate change on such resources is 
negligible, as their stored volumes are usu-
ally at least a thousand times the volume 
of mean annual recharge. Their stocks may 
be reduced more quickly than before, how-
ever, because of larger demands created by 
climate change and the decline of alterna-
tive water sources. Renewable groundwater 
systems with considerable storage will 
provide similar buffers in other parts of 
the world, and an increasingly larger share 
of total water abstraction is expected to 
come from groundwater.

The storage capacity of aquifers also offers 
opportunities for enhancing groundwater 
storage by artificial recharge or man-
aged aquifer recharge. Managed aquifer 

recharge, applied at an ever-growing rate,47 
should be part of integrated water and 
catchment management strategies along 
with surface water and soil management, 
erosion and pollution control, demand 
and environmental management and 
wastewater reuse. Its role will become 
increasingly important as the impacts of 
climate change and variability become 
more apparent.48

Lake Sarez, deep in the centre of the 
Pamir Mountains of Tajikistan, was 
created in February 1911, when an 
enormous rock collapsed from the 
bank of the Murgab River Valley, 
blocking the river and forming a dam 
behind which a lake formed. Lake 
Sarez is 55.8 kilometres long and 
averages 1.44 kilometres wide, with a 
maximum depth of 499.6 metres and 
maximum water volume of 16.074 
cubic kilometres. The lake’s water level 
is currently about 50 metres below 
the top of the dam and rising at a rate 
of 20 centimetres a year as a result of 
increased glacial melt, due largely to 
global warming. At the same time, 
the permeability of the dam material 
is changing, and the mineralization of 
water at the bottom levels is increas-
ing. There is also a real threat of new 
landslides around the lake.

Multiple hypotheses were developed 
recently on how the natural barrier 
would behave in a future earthquake 
or other catastrophe. Evaluations 
varied from the categorical ‘it will 
burst’ to the no less firm ‘it will not’. 

While some sources stress that a 
catastrophic flood is unlikely, no one 
is dismissive of the risk considering 
the potential for devastation. A World 
Bank statement indicated that ‘should 
such a flood occur, the impact on 
the downstream valleys would be 
devastating, affecting up to 5 million 
people’. The impact of a dam break 
would be felt not only across Tajikistan 
but also in Afghanistan, Turkmenistan 
and Uzbekistan.

Tajikistan recently proposed construc-
tion of a water pipeline that would 
serve all of Central Asia with safe 
drinking water through the regulated 
drainage of Lake Sarez. This would 
reduce the risk of a dam break or over-
flow, while supplying drinking water 
to the region. Lake Sarez is the largest 
freshwater reservoir in the upper wa-
tershed zone of the Aral Sea basin.

Source: Vefa Mustafaev, UNESCO; 
Sirodjidin Aslov, Ambassador of Tajikistan 
to the United Nations; and N. F. Gorelkin 
Uzbekistan Department of Hydrometerol-
ogy; World Bank 2005.

Box 12.6 Lake Sarez, Tajikistan – turning a hazard into 
an opportunity

Notes
Huntington 2006.1. 

IPCC 2007.2. 

For example, Williams, Jackson, and 3. 
Kutzbach 2007.

IPCC 2007.4. 

IPCC 2007.5. 

IPCC 2001.6. 

Milly et al. 2002.7. 

Kundzewicz et al. 2005.8. 

Zhang et al. 2007.9. 

van Lanen, Tallaksen, and Rees 2007; 10. 
Huntington 2006.

Hisdal et al. 2001.11. 

Tallaksen, Demuth, and van Lanen 12. 
2007.

Easterling et al. 2007.13. 

Dai, Trenberth, and Qian 2004.14. 

Giordano and Villholth 2007.15. 

Montgomery 2007.16. 

Wilkinson and McElroy 2007.17. 

Uri and Lewis 1999.18. 

Hu et al. 2008.19. 

Lal et al. 2004.20. 

Montgomery 2007.21. 

Walling 2006.22. 

Walling and Fang 2003.23. 

Vörösmarty et al. 2003.24. 

Cruden 1991, p. 27.25. 

IPL n.d.26. 

IPCC 2007.27. 

IPCC 2007.28. 

Hillbricht-Ilkowska 1993.29. 

Atkinson, DePinto, and Lam 1999.30. 

Mimikou et al. 2000.31. 

IPCC 2007.32. 

Bates et al. 2008.33. 

Meyer et al. 1999.34. 

Fang and Stefan 1997.35. 

Hostetler and Small 1999.36. 

Schindler and Stainton 1996.37. 

Romm 2007.38. 

International Crisis Group 2007.39. 

For details see www.isarm.net.40. 

Almássy and Buzás 1999.41. 

UNESCO/OAS ISARM 2007.42. 

UNECE 2007.43. 

World Bank 2007.44. 



224 WORLD WATER DEVELOPMENT REPORT 3

Chapter 12 Evolving hazards – and emerging opportunities3
PART

Chapter 12 Evolving hazards – and emerging opportunities

van der Gun forthcoming.45. 

Foster and Loucks 2006.46. 

UNESCO 2005; Fox 2007.47. 

Gale 2005.48. 

References
Almássy, E., and Z. Buzás. 1999. Inventory 

of Transboundary Groundwaters. Lelystad, 
Netherlands: United Nations Economic 
Commission for Europe.

Atkinson, J. F., J. V. DePinto, and D. Lam. 
1999. Water Quality. In Potential Climate 
Change Effects on the Great Lakes Hydro-
dynamics and Water Quality, eds. D. Lam 
and W. Schertzer. Reston, VA: American 
Society of Civil Engineers.

Bates, B., Z. W. Kundzewicz, S. Wu, and J. 
Palutik, eds. 2008. Climate Change and 
Water. Technical Paper of the Intergovern-
mental Panel on Climate Change. Geneva: 
Intergovernmental Panel on Climate 
Change.

Bell, J. W., F. Amelung, A. Ferretti, M. 
Bianchi, and F. Novali. 2008. Permanent 
Scatterer in SAR Reveals Seasonal and 
Long-Term Aquifer-System Response 
to Groundwater Pumping and Artificial 
Recharge. Water Resources Research 44 
(2): W02407.

Carbognin L., P. Teatini, and L. Tosi. 2005. 
Land Subsidence in the Venetian Area: 
Known and Recent Aspects. Giornale di 
Geologia Applicata 1 (1): 5-11.

Carmon, N., and U. Shamir. 1997. Water-
Sensitive Urban Planning: Concept and 
Preliminary Analysis. In Groundwater in 
the Urban Environment: Problems, Proc-
esses and Management, eds. J. Chilton, K. 
Hiscock, P. Younger, B. Morris, S. Puri, S. 
W. Kirkpatrick, H. Nash, W. Armstrong, P. 
Aldous, T. Water, J. Tellman, R. Kimblin, 
and S. Hennings. London: Balkema, Rot-
terdam, Brookfield.

Chai J. C., Shen S. L., Zhu H. H, and 
Zhang X. L. 2004. Land Subsidence Due 
to Groundwater Drawdown in Shanghai. 
Géotechnique 54 (2): 43-147.

Cruden, D. M. 1991. A Simple Definition of 
a Landslide. Bulletin of Engineering Geol-
ogy and the Environment 43 (1): 27-9.

Dai, A., K. E. Trenberth, and T. Qian. 2004. 
A Global Data Set of Palmer Drought Se-
verity Index for 1870-2002: Relationship 
with Soil Moisture and Effects of Surface 
Warming. Journal of Hydrometeorology 5 
(6): 1117-30.

Easterling, W. E., P. K. Aggarwal, P. 
Batima, K. M. Brander, L. Erda, S. M. 
Howden, A. Kirilenko, J. Morton, J. F. 
Soussana, J. Schmidhuber, and F. N. 
Tubiello. 2007. Food, Fibre and For-
est Products. In Climate Change 2007: 
Impacts, Adaptation and Vulnerability. 
Contribution of Working Group II to the 
Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change, eds. 

M. L. Parry, O. F. Canziani, J. P. Palutikof, 
P. J. van der Linden, and C. E. Hanson. 
Cambridge, UK: Cambridge University 
Press.

Fang, X., and H. G. Stefan. 1997. Simulat-
ed Climate Change Effects on Dissolved 
Oxygen Characteristics in Ice-covered 
Lakes. Ecological Modelling 103 (2-3): 
209-29.

Foster, S., and D. P. Loucks, eds. 2006. 
Non-Renewable Groundwater Resources: 
A Guidebook on Socially-Sustainable Man-
agement for Water-Policy Makers. Paris: 
United Nations Educational, Scientific, 
and Cultural Organization.

Fox, P., ed. 2007. Management of Aquifer 
Recharge for Sustainability. Phoenix, AZ: 
Acacia Publications.

Gale, I., ed. 2005. Strategies for Managed 
Aquifer Recharge (MAR) in Semi-Arid Areas. 
Paris: United Nations Educational, Scien-
tific, and Cultural Organization.

Giordano, M., and K. Villholth, eds. 2007. 
The Agricultural Groundwater Revolution: 
Opportunities and Threats to Develop-
ment. Comprehensive Assessments of 
Water Management in Agriculture No 3. 
Colombo: International Water Manage-
ment Institute and CABI.

Guaraní Aquifer System Project. 2003. 
Preliminary Map of the Guaraní Aquifer 
System. General Secretariat, Guaraní 
Aquifer System Project, Monte video. 
www.sg-guarani.org/index/site/
sistema_acuifero/sa001.php.

Hillbricht-Ilkowska, A. 1993. Lake Ecosys-
tems and Climate Changes. Kosmos 42 
(1): 107-21.

Hisdal, H., K. Stahl, L. M. Tallaksen, and 
S. Demuth. 2001. Have Streamflow 
Droughts in Europe Become More Severe 
or Frequent? International Journal of 
Climatology 21 (1): 317-33.

Hostetler, S. W., and E. E. Small. 1999. 
Response of North American Freshwater 
Lakes to Simulated Future Climates. 
Journal of the American Water Resource 
Association 35 (6): 1625-38.

Hu C., Liu C., Zhou Z., and R. Jayakumar. 
2008. Changes in Water and Sediment 
Loads of Rivers in China. Working Paper 
prepared as a contribution to UNESCO’s 
World Water Development Report 3, Inter-
national Research and Training Center on 
Erosion and Sedimentation, Beijing.

Hu R. L., Yue Z. Q., Wang L. C., and Wang 
S. J. 2004. Review on Current Status and 
Challenging Issues of Land Subsidence 
in China. Engineering Geology 76 (1-2): 
65-77.

Huntington, T. G. 2006. Evidence for 
Intensification of the Global Water Cycle: 
Review and Synthesis. Journal of Hydrol-
ogy 319 (1-4): 83-95.

International Crisis Group. 2007. Nigeria: 
Ending Unrest in the Niger Delta. Africa 

Report 135, International Crisis Group, 
Brussels.

IPCC (Intergovernmental Panel on Cli-
mate Change). 2001. Climate Change 
2001: Impacts, Adaptation and Vulnerabil-
ity Contribution of the Working Group II to 
the Third Assessment Report of the Inter-
governmental Panel on Climate Change, 
eds. J. J. McCarthy, O. F. Canziani, N. 
A. Leary, D. J. Dokken, and K. S. White. 
Cambridge, UK: Cambridge University 
Press.

———. 2007. Climate Change 2007: The 
Physical Science Basis. Summary for 
Policymakers. Contribution of the Working 
Group I to the Fourth Assessment Report 
of the Intergovernmental Panel on Climate 
Change. Cambridge, UK: Cambridge 
University Press.

IPL (International Programme on Land-
slides). n.d. IPL Leaflet. International 
Consortorium on Landslides, Kyoto 
University, Disaster Prevention Research 
Institute, Uji, Kyoto, Japan. http://iclhq.
org/IPL-Leaflet-2004.pdf.

Kundzewicz, Z. W., D. Graczyk, T. Mau-
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