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Key messages

 The uneven distribution of water resources over time and space 
and the way human activity is affecting that distribution today 
are fundamental sources of water crises in many parts of the 
world.

 Climate change is superimposed on the complex hydrologic 
landscape, making its signal difficult to isolate and its influ-
ence felt throughout the water supply, demand and buffering 
system.

3
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The contemporary water cycle – and so 
freshwater resources – is defined by the 
interaction of natural and human fac-
tors. This chapter highlights key com-
ponents of the global water cycle most 
directly relevant to the state of the water 
resources base. Such components include 
the land-based water system and the 
world’s oceans, circulation of water in the 
atmosphere, surface and subsurface water 
associated with the continental land mass, 
accessible and virtual water and people’s 
role in stabilizing and redirecting this 
resource – and limiting it through mis-
management, including overabstraction 
and pollution.

overview of the global 
hydrologic cycle

Water unifies the climate, biosphere and 
chemo-lithosphere of the planet. The 
physical state of water and its transfor-
mations are linked to energy exchanges 
called atmospheric teleconnections (such as 
El Niño) and to feedbacks in the climate 
system. Water movement is the largest 
flow of any kind through the biosphere 
and is the primary vehicle for erosion 
and dissolution of continents. Freshwater 
strongly determines the productivity of 
biomass and supports critical habitats and 

biodiversity. Humans struggle to stabilize 
and make available adequate water, despite 
an unforgiving climate, failed governance 
and mismanagement, which lead to deple-
tion and pollution.

Components of the global water cycle 
– defining the water resources base
The land-based hydrologic cycle is the 
fundamental building block of water re-
sources. Freshwater is but a small fraction 
– about 2.5% – of the total water on Earth, 
the ‘blue planet’. All human enterprise 
requires water. It is required for food pro-
duction, industry, drinking water, inland 
water transport systems, waste dilution 
and healthy ecosystems.

Water links Earth’s atmosphere, land 
mass and oceans through the global water 
cycle – circulating through each of these 
domains, changing phase between solid, 
liquid and gas; supporting the biosphere 
and humans; wearing away the continents 
and nourishing coastal zones. Water also 
serves as a conveyance system for bioactive 
chemicals (including poisons) that eventu-
ally find their way from continental source 
areas into the world’s oceans.

Precipitation is the ultimate source of 
freshwater. After losing water back to the 
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Globally, about 
two-thirds of 
precipitation is 
returned to the 
atmosphere

atmosphere through evaporation and 
evapotranspiration, precipitation recharges 
groundwater and provides surface and 
subsurface runoff. This runoff ultimately 
flows downstream through river corri-
dors and into groundwater aquifers and 
constitutes an important regional source 
of water (table 10.1). Variation in precipita-
tion and atmospheric demand for evapo-
transpiration thus geophysically limit 
water availability. Globally, about two-
thirds of precipitation is returned to the 
atmosphere.

Latin America is the most water-rich 
region, with about a third of global 
runoff. Asia is next, with a quarter of 
global runoff, followed by the countries 
of the Organisation for Economic Co-
operation and Development (mainly 
North America, Western Europe and Aus-
tralasia) (20%), and sub-Saharan Africa 
and Eastern Europe, the Caucasus and 
Central Asia, each with about 10%. The 
Middle East and North Africa is the most 
water-limited region, with only 1% of 
global runoff. Over 85% of precipitation 
is evaporated or transpired. In regions 
where runoff is scarce or ill-timed, rain-
water is an important component of the 
resource picture.

Table 10.2 describes the land-based water 
cycle as it relates to water resources sys-
tems. A substantial portion of the water 
associated with the renewable land-based 
hydrologic cycle is inaccessible to humans 

due to remoteness or an inability to store 
seasonal flows.1 Accessibility is also af-
fected by political preferences and unequal 
distribution of wealth and technological 
resources, which can prevent the delivery 
of water even when its physical presence 
is confirmed (the concept of economic 
water scarcity). Further, some groundwater 
stocks are accessible but not renewable, 
such as ancient aquifers in regions that 
today lack a replenishment source. An ap-
propriate conceptual framework is thus re-
quired that combines physical and human 
dimensions. Map 10.1 contrasts the two 
perspectives and shows the portion of 
the global water cycle that is accessible to 
humans. Some additional supplies can be 
made available through non-conventional 
means, such as desalination, often at 
substantial cost in infrastructure and 
operations.

Spatial and temporal variability
Map 10.1 clearly shows an uneven spatial 
distribution of water supply. Variations 
in seasonality and the episodic nature of 
rainfall, snowfall, snowmelt and evapo-
transpiration all contribute to temporal in-
congruities that show up as flooding, sea-
sonal low flows and longer-term drought, 
challenging water managers to forecast 
conditions and specify water allocations 
under a cloud of uncertainty. 

Major interconnections are established 
through circulation patterns in the 
global atmosphere, which lead to the 
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Table 10.1 estimates of renewable water supplies, access to renewable supplies and population served 
by freshwater, 2000

indicator asia

eastern 
europe, the 

Caucasus and 
Central asia

latin 
america

middle 
east and 

north 
africa

Sub-
Saharan 
africa oeCd

global 
total

Area (millions of square 
kilometres) 20.9 21.9 20.7 11.8 24.3 33.8 133.0

Total precipitation (thousands of 
cubic kilometres a year) 21.6 9.2 30.6 1.8 19.9 22.4 106.0

Evaporative returns to atmosphere 
(percent of precipitation) 55 27 27 86 78 64 63

Total renewable water supply 
(blue water flows; thousands of 
cubic kilometres a year) [% of 
global runoff]

9.8
[25]

4.0
[10]

13.2
[33]

0.25
[1]

4.4
[11]

8.1
[20]

39.6
[100]

Renewable water supply (blue 
water flows accessible to humans; 
thousands of cubic kilometres a 
year) [percent of total renewable 
water supply]

9.3
[95]

1.8
[45]

8.7
[66]

0.24
[96]

4.1
[93]

5.6
[69]

29.7
[75]

Note: Means computed based on methods in Vörösmarty, Leveque, and Revenga (2005). Estimates are based on climate data for 1950-96, computed 
using estimates of population living downstream of renewable supplies in 2000.
Source: Fekete, Vörösmarty, and Grabs 2002.
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Table 10.2 definitions of key components of the land-based hydrologic cycle and examples of their 
reconfiguration by humans

Water system 
element

Space and time 
variability

typical roles in water 
resources systems

management challenges, vulnerabilities and 
opportunities

Green water
Soil moisture (non-•	
productive green 
water is evaporated 
from soil and open 
water surfaces)

Very high •	
over both 
dimensions

Direct support to rainfed •	
cropping systems

Highly sensitive to climate variability (both •	
drought and flood); limited capacity to control
Can be augmented by rainfall-harvesting •	
techniques (many traditional and widely 
adopted)
Weather and climate forecasts help in scheduling •	
planting, harvest, supplemental irrigation and 
other activities
Performance improved or compromised by land •	
management
Selection of improved crop strains for climate-•	
proofing

Blue water (natural 
and altered)

Net of local •	
groundwater 
recharge and surface 
runoff, streamflow

High over both •	
dimensions

Farm ponds and check dams •	
augment green water in 
rainfed cropping systems
Source waters and entrained •	
constituents delivered 
downstream within 
watersheds

Highly sensitive to climate variability (both •	
drought and flood) and ultimately climate 
change
Some capacity to control•	
Habitat management highly localized•	
Many small engineering works can propagate •	
strong cumulative downstream effects
Poor land management heightens possiblities of •	
flash flooding followed by dry streambeds

Inland water •	
systems (lakes, 
rivers, wetlands)

Decreased •	
variability with 
increased size

Key resource over district, •	
national, and multinational 
domains
Important role in transport, •	
waste management, and 
domestic, industrial and 
agricultural sectors

Water losses through net evaporation occur •	
naturally and through human use
Legacy of upstream management survives •	
downstream (e.g., irrigation losses, pollution)
Multiple sector management objectives may be •	
difficult to attain simultaneously
Potential upstream-downstream conflicts •	
(human to human; human to nature), including 
international

Ground water •	
(shallow)

Moderate •	
over both 
dimensions; 
links to streams

Locally distributed shallow •	
well systems serving 
drinking water and irrigation 
needs

Intimate connection to weather and climate •	
means water yields subject to precipitation 
extremes
Easily polluted•	
Easily overused, resulting in temporary depletion; •	
some loss of regional importance to oceans

Fossil groundwater •	
(deep)

Extremely •	
stable

Critical (and often sole) •	
source of water in arid and 
semi-arid regions

Large repositories of water but with limited •	
recharge potential
Use typically non-sustainable, leading to •	
declining water levels and pressure, increasing 
extraction costs
Low replenishment rates mean pollution often •	
effectively becomes permanent

Blue water 
(engineered)

Diversions, including •	
reservoirs and 
interbasin transfers
Reused waters•	

Stable to very •	
stable

Critical (and often sole) •	
source of water in arid and 
semi-arid regions
Altered blue water balance •	
as flows stabilized or 
redirected from water-rich 
times and places to water 
poor times and places
Multiple uses: hydropower, •	
irrigation, domestic, 
industrial, recreational, flood 
control
Secondary reuse as effluents •	
in irrigation

Large quantities of water with high recharge •	
potential
Modified flow regime, with positive and negative •	
impacts on humans and ecosystems
Can destroy river fish habitat while creating lake •	
fisheries by fragmenting habitat
Natural ecosystem ‘cues’ for breeding and •	
migration removed
Water supplies stabilized for use when needed •	
most by society
Sediment trapping, leading to downstream •	
inland waterway, coastal zone problems
Potential for introduction of exotic species•	
Greenhouse gas emission from stagnant water•	
Health problems (e.g., schistosomiasis) from •	
stagnant water
Social instability due to forced resettlement•	

(continued)
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Population served by
source area runoff
(thousands per grid area)

0-10
10-50
50-100
100-500
500-1,000
More than 1,000
No people or no runoff

Runoff
(millimetres a year)

Less than 0
0-10
10-50
50-100
100-250
250-500
500-750
750-1,000
More than 1,000

Map 10.1 Contrasts between geophysical and human-dimension perspectives on water, most 
recent year available

Note: The top map shows runoff-producing areas in absolute terms, with darker blue indicating areas that generate intense local-scale runoff. This is the tra-
ditional view of the global distribution of the renewable water resources base. The bottom map shows the importance of all of the world’s runoff-producing 
areas, as measured by the human population served. Thus, runoff produced across a relatively unpopulated region like Amazonia, while a globally significant 
source of water to the world’s oceans, is much less critical to the global water resources base than runoff produced across a region like South Asia.
Source: Vörösmarty, Leveque, and Revenga (2005), updated from Fekete, Vörösmarty, and Grabs (2002).

Water system 
element

Space and time 
variability

typical roles in water 
resources systems

management challenges, vulnerabilities and 
opportunities

Virtual water (not 
an additional water 
system element)

Stable, but •	
linked to 
fluctuations 
in global 
economy

Water embodied in •	
production of goods and 
services, typically with crops 
traded on the international 
market
Not explicitly recognized •	
as a water resources 
management tool until 
recently

Can implicitly off-load water use requirements •	
from more water-poor to more water-rich 
locations
Particularly important where rainfed agriculture •	
is restricted and irrigation relies on rapidly 
depleting fossil groundwater sources

Desalination Stable•	 Augmentation in water-•	
scarce areas

Costly, special use water supply; technologies •	
rapidly developing for cost-effectiveness

Source: Author’s compilation.

Table 10.2 definitions of key components of the land-based hydrologic cycle and examples of their 
reconfiguration by humans (continued)
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The global 
distribution of 

freshwater must 
be considered 
together with 

its accessibility

redistribution of water to oceans and 
land masses. The position of mountain 
ranges across the continents can be used 
to divide the Earth into two domains – 
exorheic zones, where water flows to the 
oceans, and internally draining endor-
heic zones, many in the ‘rain shadow’ 
of the world’s main precipitation belts 
(figure 10.1). Much of the endorheic land 
is positioned mid-continent and distant 
from the ocean, resulting in a character-
istically dry environment. Here, 10%-15% 
of the global land mass generates only 2% 
of global renewable freshwater resources. 
Mountain systems are important as the 
world’s ‘water towers’ and generate a sub-
stantial share of the global water resourc-
es base for the billions of people who live 
downstream. By contrast, the margins of 
the continents (exorheic plains), because 
of their intimate connection with ocean-
derived moisture, generate about half of 
all renewable freshwater resources, col-
lectively greater than all mountain water 
towers. There are many concerns about 
the impact of climate change on this 
geography of precipitation and runoff-
producing areas.2

The global distribution of freshwater must 
be considered together with its accessibil-
ity. With about 75% of total annual runoff 
accessible to humans (see table 10.1) and 
with slightly more than 80% of the world’s 
population (4.9 billion people) served by 
renewable and accessible water,3 almost 
20% of people are unserved by naturally 
occurring renewable resources and must 

take their supply from ancient aquifers 
(aquifer mining), interbasin transfers 
and desalinized seawater. Except in the 
exorheic mountain regions, where water is 
relatively abundant, most of the popula-
tion has only a small share of the global 
freshwater resource. Using high resolu-
tion global maps of population and water 
supply, a study showed that 85% of the 
world’s population resides in the drier half 
of the Earth.4 More than 1 billion people 
living in arid and semi-arid parts of the 
world have access to little or no renewable 
water resources. However, there is still 
uncertainty surrounding estimates of the 
renewable supply, water use and derived 
statistics (table 10.3; see also chapter 7).

There is great variation in flow reliabil-
ity, with variability greatest in regions 
with the lowest levels of runoff (the drier 
regions; map 10.2). Patterns of reliable 
monthly river flows also confirm the 
sensitivity of arid and semi-arid regions, 
defined from a hydrologic (local runoff 
and river corridor supplies) rather than 
a climatic (rainfall variability alone) per-
spective.5 This variability reduces projec-
tions of average annual GDP growth rates 
by as much as 38%, and even a single 
drought event within a 12-year period 
can reduce growth rates over the period 
by 10%. Flooding can also have devastat-
ing effects, particularly in areas with high 
population density and without adequate 
early warning and emergency response 
systems (map 10.3). During 1992-2001 
floods accounted for 43% of recorded 

Oceans
Plains

Hills
Plateaus

Mountains

EndorheicExorheic

37,200 cubic kilometres a year 940 cubic kilometres a year

Plateaus
Hills

Plains
Area  
(millions of square 
kilometres) 63 11 14 28 6 2.5 0.4 9

Depth change  
(millimetres a year) 293 445 153 424 86 38 102 35

Total resources  
(thousands of cubic 
kilometres a year) 18.4 4.9 2.1 11.8 0.5 0.09 0.04 0.3

Population served 
(bilions) 3.3 0.8 0.4 1.5 0.2 0.03 0.02 0.2

Source: Updated from Vörösmarty and Meybeck (2004); land form categories from Meybeck, Green, and Vörösmarty (2001).

Figure 10.1 distribution of global runoff to the oceans (exorheic) or internal receiving waters 
(endorheic) and the corresponding distribution of contemporary population served
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disasters and affected more than 1.2 bil-
lion people.6

People have responded to such variability 
in the water cycle with investments in 
engineered water stabilization, such as 
reservoirs, interbasin transfers and deep 
groundwater pumping. These stabiliza-
tion arrangements bring new patterns of 
hydrograph variability (see box 11.1 in 
chapter 11). Figure 10.2 shows an example 
of a typical effect of a series of river flow 
regulations. While such changes may 
stabilize flows and thus optimize water 
availability for a variety of human uses, 
they also create substantial distortions in 
flows that stress downstream aquatic biota 
(see chapter 9).7

A more stable and reliable source of 
freshwater resides below ground. Ground-
water reservoirs are recharged directly by 
surplus rainfall percolating through soil 
or indirectly by surface water losses to 
the subsurface and infiltration of excess 
irrigation water or water from other 
uses. Approximately 90% of the world’s 
groundwater discharge feeds into streams, 
accounting for almost 30% of global 
runoff.8 Most groundwater systems have 
large storage volumes and high storage 
to throughput ratios (known as residence 
time, or average time that inflow vol-
umes remain in storage). Because of these 
characteristics, groundwater resources are 

much less affected by short-term fluctua-
tions in climate than are surface water 
resources (table 10.4). Groundwater res-
ervoirs thus add persistency and stability 
to the terrestrial hydrologic system and 
enable humans, fauna and flora to survive 
extended dry periods. This underlines the 
potential of groundwater for coping with 

Table 10.3 indicative range of uncertainty in recent 
assessments of renewable water supply, most 
recent year available

region

renewable water 
supply (cubic 

kilometres a year)

mean water 
crowding (people 
per million cubic 

metres a year)

Asia 7,850-9,700 320-384

Former Soviet Union 3,900-5,900 48-74

Latin America 11,160-18,900 25-42

North Africa and Middle East 300-367 920-1,300

Sub-Saharan Africa 3,500-4,815 115-160

Organisation for Economic 
Co-operation and Development

7,900-12,100 114-129

Global total 38,600-42,600 133-150

Note: Supply here refers to global total renewable runoff, both accessible and remote from 
human population and croplands.
Source: The ranges reported here are from three global-scale water resources models, 
two of which were used in the Millennium Ecosystem Assessment: Vörösmarty, Federer, and 
Schloss (1998); Fekete, Vörösmarty, and Grabs (2002) and Federer, Vörösmarty, and Fekete 
(2003) for the Condition and Trends Working Group assessment and Alcamo et al. (2003) 
and Döll, Kaspar, and Lehner (2003) for the Scenarios Working Group. A third model from 
Dirmeyer, Gao, and Oki (2002) and Oki et al. (2003) was also compared.

Percent
0-10
10-20
20-30
30-50
50-90
More than 90
No data

Map 10.2 global variations in the relationship between low flows and mean flows (percentage 
deviation of 1 in 10 year low flows relative to mean flows measured over 1961-90)

Source: Based on Döll, Kaspar, and Lehner 2003.
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increasing water scarcity due to climate 
change. At the same time, because of the 
strong interdependence between ground-
water and surface water, the overall re-
source is difficult to quantify, and there is 
a risk of double counting available water 
resources.

Recent estimates put the mean renew-
able groundwater resource at 2,091 cubic 
metres per person a year, or about a 
third of total renewable resources per 
capita.9 Although groundwater systems 
are often highly localized, groundwater 
clearly makes a substantial contribution 
to the water resources base, constituting 
20%-50% of municipal water supply.10 As 
much as 60% of groundwater withdrawal 
is used to irrigate crops in arid and semi-
arid regions. Information on groundwater 
storage is scarce and not very accurate 
because of the enormous effort and cost 
required to explore and assess ground-
water reservoirs. The geographic distribu-
tion of long-term average diffuse ground-
water recharge and of the known larger 
groundwater reservoirs are in maps 10.4 
and 10.5.

relationship of water to global 
biogeochemical cycles

A growing body of evidence indicates that 
human activities are affecting river water 
chemistry on a global scale. It is estimated 
that less than 20% of the world’s drain-
age basins exhibit nearly pristine water 
quality and that the riverine transport of 

Risk deciles
1st-4th (low)
5th-7th (medium)
8th-10th (high)

Map 10.3 impact of flood losses (comparative losses based on national gdp)

Note: Deciles refer to the level of risk, normalized for comparing 10 categories.
Source: Based on Dilley et al. 2005.
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0
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100
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31 Dec 20061 Oct 20062 Jul 20062 Apr 20061 Jan 2006

Cubic kilometres per second

Figure 10.2 impact of the davis dam on the Colorado 
river hydrograph

Note: The dam was completed in 1950, has a maximum capacity of 2 cubic kilometres and 
residence time change (average time that inflows remain in storage) of about 0.5 year.
Source: US Geological Survey station records.
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inorganic nitrogen and phosphorus has 
increased severalfold over the last 150-
200 years.11 Monitoring and analysis are 
needed to understand the effects of these 
changes on water resources, but observed 
information is lacking (see chapter 13), 
and much of our understanding is based 
on modelling and inferences.

Water as the conveyor for 
particulates and dissolved materials, 
linking land, ocean and atmosphere
Water mobilizes and transports materials 
essential for life in terrestrial and aquatic 
ecosystems. For example, nitrogen, phos-
phorus and silica are important nutrients 
that limit maximum plant and algal bio-
mass, while organic carbon from land is an 
important energy source in downstream 
freshwater and marine systems. Water also 
transports natural materials that directly 
influence the health of organisms (for ex-
ample, through conductivity and pH) and 
habitat structure (for example, through 
sediments). Under natural conditions these 
materials originate in atmospheric trans-
port and deposition, biologic activity and 
erosion or weathering from bedrock and 
soils. Multiple human activities lead to 
additional sources of such elements (figure 
10.3) as well as to material not naturally 
present in water, such as pesticides and 
synthetic chemicals that can mimic or 
block hormones and their natural func-
tions (‘endocrine disrupters’) (see sec-
tion on water pollution as a constraint to 
supply).

Rivers have traditionally been considered 
simple transporters of materials, but it is 
increasingly acknowledged that chemical 

Millimetres a year
0-2
2-20
20-100
100-300
300-1,000

Map 10.4 patterns of long-term average diffuse groundwater recharge, 1961-90

Source: Based on Döll and Fiedler 2007.

Table 10.4 estimated mean residence times (storage to 
throughput) and stored water volumes of the 
main components of the earth’s hydrosphere

Component

mean 
residence 
time

total water 
stored 

(thousands 
of cubic 

kilometres)

Freshwater 
stored 

(thousands 
of cubic 

kilometres)

Permafrost zone, 
ground ice 10,000 years 300 300

Polar ice 9,700 years 24,023 24,023

Oceans 2,500 years 1,338,000 na

Mountain glaciers 1,600 years 40.6 40.6

Groundwater (excluding 
Antarctica) 1,400 years 23,400 10,530

Lakes 17 years 176.4 91.0

Swamps 5 years 11.5 11.5

Soil moisture 1 year 16.5 16.5

Streams 16 days 2.1 2.1

Atmosphere 8 days 12.9 12.9

Biosphere Several hours 11.2 11.2

Total 1,385,985 35,029

na is not applicable.
Note: Components may not sum to total because of rounding. Reservoirs of water that re-
spond slowly to change have long residence times. The atmosphere exhibits huge variability, 
its dynamics changing over very short space and time scales, whereas permafrost is sluggish 
and would be expected to respond slowly to forced changes such as those associated with 
global warming. Residence time also has an enormous impact on water quality. Streams and 
river waters, with their generally short residence times, are able to respond relatively quickly 
to pollution control measures, whereas groundwater can remain polluted – and taken out of 
the resource supply pool – for centuries unless costly remediation measures are applied.
Source: Based on Shiklomanov and Rodda 2003.
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and biochemical transformations occur-
ring during water transit through basins 
can have important influences on materi-
als transport and pollutant loads.12 The 
quantity and timing of water flows influ-
ence the mobility of pollutant sources and 
their dilution potential.

Spatial heterogeneity in global 
patterns of water quality
Making broad statements about water 
quality is difficult because of spatial and 
temporal biogeochemical complexity as 
well as definitional problems and incom-
plete monitoring (see chapter 13). The 

Millimetres a year

In major groundwater basins
More than 300
100-300
20-100
2-20
Less than 2

In areas with complex
hydrogeological structure

More than 300
100-300
20-100
Less than 20

In areas with local and shallow aquifers
More than 100
Less than 100

No data

Map 10.5 global groundwater recharge, most recent year available

Source: Based on WHYMAP 2008.

Anthropogenic
diffuse sources

62%

Natural
nitrogen
fixation

36%

Non-anthropogenic sources
86%

Non-anthropogenic sources
81%

Inorganic nitrogen

Inorganic phosphorus

Organic nitrogen

Organic phosphorus

Anthropogenic
diffuse sources

11%

Anthropogenic
diffuse sources

17%

Anthropogenic
point sources 3%

Anthropogenic
point sources 2%

Anthropogenic
point sources 2%

Anthropogenic
point sources

61%

Phosphorus
weathering

35%

Anthropogenic
diffuse sources

4%

Figure 10.3 human activities are sources for dissolved inorganic nitrogen, organic nitrogen, 
inorganic phosphorus and organic phosphorus in coastal zones

Note: Human activity dominates among the inorganic source terms.
Source: Seitzinger et al. 2005.
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Human pressures 
have greatly 
modified the 
behaviour of 
both hydrology 
and constituent 
transports, 
particularly over 
the last century

multiple factors that influence material 
fluxes through aquatic systems (sources, 
hydrology, geomorphology and biology) 
suggest an inherent complexity in char-
acterizing water quality at regional and 
global scales. Uncertainties are associated 
with each factor.

The situation is exacerbated by the uneven 
distribution over space and time of field 
observations of material fluxes and water 
quality. The European Union and the 
United States have relatively high densi-
ties of water quality measurement stations, 
while the rest of the world has a much 
sparser set of stations, with low frequency 
of sampling and observations over shorter 
periods.

Observations over short periods can fail 
to capture changes in human activi-
ties across the multiple time scales over 
which hydrologic variability occurs – from 
individual storms to seasonal, annual 
and multidecadal cycles. This variability 
is also expressed spatially, influencing 
the development of source and reactivity 
hot spots (such as erosion and wetland 
development). This interaction can make it 
difficult to attribute changes to anthropo-
genic or natural phenomena.

humans are accelerating – and 
decelerating – the constituent cycles
Human pressures have greatly modified 
the behaviour of both hydrology and 
constituent transports, particularly over 
the last century.13 This will likely remain 
true well into the future, but the direction 
of the evolution of these transports, and so 
the quality of inland water, is a complex 
function of four major changes that must 
be considered simultaneously:

Human activities have greatly ac-•	
celerated the biogeochemical cycles 
and the global transfer of materials, 
including sediment from increased 
erosion associated with poor land 
management, construction and other 
activities.

Fluvial system filters have been greatly •	
modified and in the case of artificial 
impoundments have increased in 
importance.

River water discharge to oceans is •	
controlled and reduced by water engi-
neering and irrigation, with irretriev-
able losses on the order of 200 cubic 
kilometres (km3) a year for reservoir 
evaporation and 2,000 km3 a year for 
agriculture.14

New and esoteric engineered com-•	
pounds, many long-lived, are appear-
ing in waterways. We have simulta-
neously increased and decreased the 
levels of various constituents in our 
waterways, but the exact nature of the 
acceleration or deceleration is complex 
and ambiguous.

Human population and economic growth 
lead to increased demand for land and 
commodities for food production, housing 
and fuel (see chapters 2 and 4). The natu-
ral capacity for land to support human 
populations is insufficient, so people 
enhance food production with fertilizer 
and intensive agriculture.15 Agricultural 
activities are also accelerating the elemen-
tal cycles of nitrogen and phosphorus, 
since more must be added to the landscape 
in biologically usable forms. Globally, 
nitrogen inputs have more than doubled, 
with similar increases in transport to the 
ocean.16 Similar results have been docu-
mented for phosphorus.17

Changes in hydrologic factors associated 
with human activity have unintentionally 
exacerbated other changes related to land 
use. Erosion associated with changes in 
land use is increasing sediment delivery to 
aquatic systems, but much of this material 
is captured by increased reservoir capacity, 
with only a small net change at the basin 
mouth.18 A third of sediment destined for 
coastal zones no longer arrives because of 
sediment trapping and water diversion,19 
resulting in a net increase in erosion of 
deltas and other sensitive coastal settings 
that require a steady supply of land-de-
rived sediment.20 Reservoir construction 
appears to have attenuated silica, nitrogen 
and phosphorus fluxes, though the role ap-
pears to be less than for sediments.21

Net increases in nutrient loads (par-
ticularly nitrogen and phosphorus) have 
resulted in the eutrophication (excessive 
plant growth and decay) of lakes, rivers 
and receiving coastal waters and subse-
quent degradation of ecosystems, fisheries 
and human health. Anoxic dead zones 
result from excess nutrient inputs from 
agriculture, as from the Mississippi River 
basin into the Gulf of Mexico22 and from 
the Yangtze River plume.23 Alterations 
to inputs and ‘fluvial filters’ of nutrients 
(nitrogen, phosphorus, silicon) are chang-
ing elemental ratios in freshwater and 
downstream coastal waters. In addition, as 
different nutrient forms (such as organic 
and inorganic nitrogen) are shown to have 
contrasting watershed sources and human 
pressures, ratios among nutrient forms 
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New modelling 
approaches 

now include 
mechanisms that 

hold promise 
for predicting 

global patterns 
of water quality

may also be changing.24 Shifting nutrient 
ratios alter the composition of biologi-
cal assemblages in freshwater and coastal 
systems, including the occurrence and 
recurrence of harmful algal blooms.25

recent progress in describing 
patterns in global water quality
Despite limitations in characterizing 
human processes that determine the 
chemical characteristics of freshwater 
resources, syntheses of river observations 
and process studies have substantially ad-
vanced our ability to quantify the trans-
formation of watershed-derived inputs 
into river loads and exports to coastal 
zones.26 Recent models predict mean an-
nual nutrient status based on geospatial 
datasets defining watershed inputs (natu-
ral and human), hydrologic and physical 
properties and biological processing po-
tentials within rivers. They rely on global 
calibration of basin-scale parameters with 
river mouth observations to provide a 
consistent, spatially explicit picture of 
worldwide nutrient exports to coastal 
zones. Submodels of Global-NEWS (Nutri-
ent Export from Watersheds), organized 
under the United Nations Educational, 

Scientific and Cultural Organization’s 
Intergovernmental Oceanic Commission, 
apply a consistent framework and datasets 
to calculate river exports of carbon, nitro-
gen and phosphorus (dissolved and par-
ticulate, inorganic and organic), enabling 
an integrated assessment of impacts of a 
range of human pressures on receiving 
waters.27 But such models are static and 
have limited process representation, so 
they are unable to account for variability 
over relatively short time scales (less than 
1 month), which is critical in characteriz-
ing water quality.

Recently developed spatially distributed, 
mechanistic models of nutrient fluxes 
through river systems have been applied 
to numerous basins and are important for 
understanding the mechanisms control-
ling material fluxes.28 Such efforts have 
also been applied globally to integrate spa-
tially distributed controlling mechanisms. 
For example, global terrestrial nitrogen 
models now account for within-basin pat-
terns of nitrogen loading, hydrologic con-
ditions, land surface characteristics and 
ecosystem processes to predict nitrogen 
export fluxes.29

Recently, a spatially distributed model-
ling approach was applied to global inland 
aquatic systems to estimate the relative 
importance of small rivers, large rivers, 
lakes and reservoirs in the global aquatic 
nitrogen cycle by integrating the spatial 
distribution of inputs from land, discharge 
conditions, network geomorphology, 
position of various water bodies and rates 
of biological activity (figure 10.4). The rela-
tive importance of different types of water 
bodies varies with latitude because of the 
distribution of channel bottom surface 
area relative to the position of nitrogen 
inputs, which are increasingly determined 
by human inputs of fertilizers, sewage and 
animal wastes and by atmospheric depo-
sition.30 These approaches now include 
key mechanisms that hold promise for 
predicting global patterns of water quality 
and thus of water supply compromised by 
pollution, changes in runoff and stream-
flow, runoff variability, temperature and 
hydraulic modification.

Water pollution as a constraint on 
water supply
Good water quality is important to human 
health and the health of aquatic ecosys-
tems. Increasing pressures from develop-
ment lead to deteriorating surface water 
and groundwater quality (table 10.5), 
rising human health challenges, grow-
ing requirements for water treatment and 
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greater likelihood of deteriorating eco-
system function.31 Pollutants (including 
excess nutrients) may be retained in soils, 
aquifers and aquatic sediments for extend-
ed periods. This persistence can lead to 
continued mobilization long after human 
inputs have been suppressed or when af-
fected sediments are later disturbed.32

Humans have long relied on dilution and 
transport by aquatic systems to manage 
pollution – and the water quality of fresh-
water resources. In some cases aquatic 
systems permanently remove pollutants to 
the atmosphere, as in the denitrification 
of excess nitrogen. These are important 
ecosystem services that depend on char-
acteristics of the water cycle. Changes in 
the water cycle will lead to changes in the 
capacity of natural ecosystems to provide 
these services.33 Because aquatic systems 
are highly connected, local changes in 
aquatic ecosystem services often cause 
impacts far downstream (see chapter 8).

Pollutants can be categorized as those that 
directly affect human health and those 
that affect ecosystems. Pollutants affect-
ing human health include fæcal coliform 

contamination, residual pesticides and 
metals. Examples include contamination 
of groundwater by arsenic in Bangladesh34 
(see box 8.3 in chapter 8) and by mercury 
in the northeastern United States35 and 
nitrogen in drinking water supplies (see 
chapter 6).36

In developed countries many pollution is-
sues have been addressed and ameliorated 
over the last 40 years, especially those per-
taining to point sources. But in developing 
countries pollution remains among the 
most important water resources problems. 
These include lack of sewage treatment 
and point source controls and contamina-
tion with pathogens, combined with poor 
access to clean water.37 In developed coun-
tries non-point-source pollution remains a 
critical issue, in part because management 
requires multijurisdictional approaches 
that make implementation difficult. But 
successful policies addressing acidification 
of surface water by atmospheric deposition 
in Europe and North America are leading 
to the recovery of many surface waters 
from acidification, providing a hopeful 
model for multijurisdictional landscape 
management.38

Table 10.5 principal symptoms of human-river system interactions and human pressures on water use

Symptoms
land use 
change

mining and 
smelting

industrial 
transformation Urbanization reservoirs irrigation

other water 
management

Organic matter + + – + + + + + – – – +

Salts + + + + + + + + + +

Acids

Direct inputs + + +

Atmospheric changes + + + + +

Metal

Direct inputs + + + + + – – –

Atmospheric 
inputs changes + + + + + +

Historical + + + + + – – –

Total suspended solids + + + + + + + – – – - -

Nutrients + + + + + + – – + –

Water-borne diseases + – + + + + + +

Persistent organic pollutants

Direct inputs + + + + + + – –

Atmospheric inputs + + +

Historical + + + + +

Mean runoff + – – + – – – –

Flow regime × × ××× × ×

Aquatic habitat changes × ×× ×× ××× × ×××

Note: Amplitude of change ranges from + to + + + (increase) and – to – – – (decrease). The × symbols refer to magnitude of change without an indication 
of direction.
Source: From Meybeck 2003.
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