
We all depend on the same vital element:

water. Diverse by its very nature, it is solid,

vapour and liquid; it is in the air, on the

Earth’s surface and within its ground – 

ever-changing, and giving shape to a dramatic

range of natural ecosystems.

For the Earth’s inhabitants, diversity of the

resource also means great disparities in well-

being and development. As we degrade the

quality of our water and modify the natural

ecosystems on which people and life depend,

we also threaten our own survival.

Before we further explore the complex

relationship linking water and people, this

part provides a brief look at the current state

of the finite but dynamic and wonderful

resource that is freshwater.
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We made from water every living thing.

The Koran (Sura 21:30)

WATER IS THE MOST WIDELY OCCURRING SUBSTANCE on this

planet. Globally distributed by the hydrological cycle, driven

by the energy cycle, the circulation of water powers most of

the other natural cycles and conditions the weather and climate. Water

has shaped the Earth’s evolution (Dooge, 1983) and continues to fashion

its progress, in marked contrast to those bodies in the solar system

without water. While the greater part of the water within the Earth’s

hydrological cycle is saline, it is the lesser volume of freshwater within

the land-based phase which provides a catalyst for civilization. This is

the water precipitated from the atmosphere onto land, where it may be

stored in liquid or solid form, and can move laterally and vertically and

between one phase and another, by evaporation, condensation, freezing

and thawing. On the land surface, this water can travel at widely

differing velocities usually by predictable pathways (Young et al., 1994)

which can slowly change with time. These pathways combine to form

stream networks and rivers within river basins, the water flowing by

gravity from the headwaters to the sea. Some basins, such as the

Amazon, are massive, others minute. Depending on the nature of the

geology, soils and land cover within the basin, a varying proportion of

this water may infiltrate to recharge the underlying aquifers, some

recharge re-emerging later to sustain river flows. 
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This groundwater combined with surface water forms the world’s

freshwater resource; renewable but also finite and vital not only to

human systems but also to the terrestrial environment. 

The existence of springs and other sources of water have played

a major role in determining human settlement. Rivers and lakes

provided routes for transport of goods and people, later supplemented

by canals. Falling water provided and continues to provide power for

industry. Today, water is employed for a wide variety of different

purposes: desalination, recycling and reuse of wastewater, rainwater

harvesting and similar non-conventional methods provide or add to the

resource in certain localities. The value of water, its cost, competition

between different uses including its cultural and aesthetic aspects, all

add further dimensions to the consideration of water resources.
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STUDIES OF THE WORLD WATER BALANCE commenced in the late nineteenth century, and examples of these and

later studies are listed by Lvovitch (1970) and Baumgartner and Reichel (1970). Korzun (1978) and more recently

Shiklomanov (forthcoming) refined estimates of the global budget and its regional variations. Table 4.1 shows

the approximate volumes for the globe in the different phases of the hydrological cycle, the annual volumes recycled

with their average replacement periods. This table highlights the enormous disparity between the huge volume of

saltwater and the tiny fraction of freshwater and, in addition, the long residence time of polar ice and groundwater, as

opposed to the brief period for which water remains in the atmosphere. Some 96.5 percent of the total volume of the

world’s water is estimated to exist in the oceans and only 2.5 percent as freshwater, but these and similar estimates lack

precision. Nearly 70 percent of this freshwater is considered to occur in the ice sheets and glaciers in the Antarctic,

Greenland and in mountainous areas, while a little less than 30 percent is calculated to be stored as groundwater in the

world’s aquifers. Again there is the disparity between these large volumes and the much smaller estimated volumes of

water stored in rivers, lakes and reservoirs and in the soil, together with the water in plants and the atmosphere. 

sensed data, in others there are only rudimentary networks

sampling just a few of the variables. Figure 4.1 shows the number

of monitoring stations that make up the global hydrological

network, by type and percentage of the total (WMO, 1995). Of

course, these networks are not only used for assessing water

resources, but also for flood and drought forecasting and prediction,

for pollution protection, water conservation, groundwater protection,

inland navigation and for a host of other purposes. 

Knowledge of water resources is only as good as the available

data, but the various assessments of water resources that have

been conducted, together with other surveys, invariably indicate

that hydrological data, including hydrogeological data, are lacking in

many parts of the world. Indeed, it is a twin paradox that those

areas with most water resources, namely mountains, have the least

data and that the nations of Africa, where the demand for water is

growing fastest, have the worst capabilities for acquiring and

managing water data. This lack of data applies to surface water and

groundwater, and to quantity and quality. Indeed, with the

exception of Latin America, the reliability and availability of data

have declined sharply since the mid-1980s particularly in Africa, in

eastern Europe (Rodda, 1998) and around the Arctic (Shiklomanov

et al., 2002), largely because national hydrological and allied

networks have been degraded by lack of investment. There are

many countries with no data on water chemistry, productivity,

biodiversity, temporal changes  and similar biological expressions of

the state of the aquatic environment. Systems for storing,

processing and managing these data and using them for assessing

water resources and other purposes, such as flood forecasting, are

often rudimentary.

Since the 1960s, both the United Nations Educational, Scientific

and Cultural Organization (UNESCO) and the World Meteorological

Organization (WMO) have been pursuing collaborative programmes

that are designed to improve national hydrological capabilities,

particularly for nations in need. These are the International
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Measuring Water Resources

Even more important are the wide variations in the distribution of

water in time and space across the globe and the problems such

variations pose for the reliability of assessments of water resources.

These assessments depend largely on hydrological data obtained from

measurements made by ground-based networks of instruments and

surveys, from sensors in satellites and from a number of other

sources. These assessments are essential prerequisites for successful

water resource development and management (WMO/UNESCO, 1997).

Although hydrological measurements have been made in Egypt

and China for several thousand years, networks of hydrological

instruments, as we know them, were started in Europe and North

America in the eighteenth and nineteenth centuries. Today, most

national networks consist of stations where variables such as

precipitation, evaporation, soil moisture, ice, sediment, water

quality, groundwater level and river water level and discharge are

measured, continuously in some cases, or daily, monthly or less

frequently in others (WMO, 1994). There have been major

improvements in monitoring groundwater and in knowledge of

groundwater as a result of the extension of geological mapping

across the world and the hydrogeological interpretation of these

maps. In some countries, ground-based weather radar systems are

employed for determining the distribution of precipitation, while

remotely sensed data from satellites are used for estimating the

extent of lying snow, precipitation, soil moisture and certain other

variables. However, many national networks are still composed of

instruments and sensors that were first introduced in the nineteenth

century. Many of these devices suffer from inherent errors; they

lack maintenance and they are not calibrated regularly. The

characteristics of the network and of its development vary from

country to country: in some there are measurements of the whole

range of hydrological variables and systems for accessing remotely
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Volume, % of total volume % of Volume recycled Renewal
Location (103 km3) in hydrosphere freshwater annually (km3) period years

Ocean 1,338,000 96.5 – 505,000 2,500
Groundwater (gravity and capillary) 23,4001 1.7 16,700 1,400
Predominantly fresh groundwater 10,530 0.76 30.1
Soil moisture 16.5 0.001 0.05 16,500 1
Glaciers and permanent snow cover: 24,064 1.74 68.7

Antarctica 21,600 1.56 61.7
Greenland 2,340 0.17 6.68 2,477 9,700
Arctic Islands 83.5 0.006 0.24
Mountainous regions 40.6 0.003 0.12 25 1,600
Ground ice (permafrost) 300 0.022 0.86 30 10,000

Water in lakes: 176.4 0.013 – 10,376 17
Fresh 91.0 0.007 0.26
Salt 85.4 0.006 –

Marshes and swamps 11.5 0.0008 0.03 2,294 5
River water 2.12 0.0002 0.006 43,000 16 days
Biological water 1.12 0.0001 0.003 –
Water in the atmosphere 12.9 0.001 0.04 600,000 8 days
Total volume in the hydrosphere 1,386,000 100 –
Total freshwater 35,029.2 2.53 100

1 Excluding groundwater in the Antarctic estimated at 2 million km3, including predominantly freshwater of about 1 million km3.

This table shows great disparities: between the huge volume of saltwater and the tiny fraction of freshwater; between the large volumes of water contained by the glaciers and the water stored in the aquifers;
and between the amount of groundwater and the small volumes of water in rivers, lakes and reservoirs.

Source: Shiklomanov, forthcoming.
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Figure 4.1: The global hydrological network by type

This figure shows the number of monitoring stations that make up the global hydrological network.

Source: WMO, 1995. 
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Hydrological Programme (IHP) and the Hydrology and Water

Resources Programme (HWRP). On the global scale, WMO’s World

Hydrological Observing System (WHYCOS) aims to stimulate

hydrological data collection and management in near real-time in a

number of data-poor regions. Starting from a European base and

progressing region by region, the UNESCO Flow Regimes from

International Experimental and Network Data (FRIEND) Project

(Gustard and Cole, 2002; van Lanen and Demuth 2002; Gustard,

1997) continues to improve the archiving of data and its use for

assessing water resources, flood prediction and many other

purposes in Europe, Africa, Asia and Latin America. FRIEND also

involves the International Association of Hydrological Sciences

(IAHS), which has been a partner in the IHP since it started in 1965.

Hydrogeological interpretation of geological maps and other areas

of hydrogeology have been stimulated by the IHP through

cooperation with the International Association of Hydrogeologists

(IAH) (Struckmeier and Margat, 1995). Another example of a

collaborative programme is the UNEP/WHO/UNESCO/WMO Global

Environment Monitoring Systems (WHO, 1991)1 which is

endeavouring to improve global water quality data. The GEMS

archive contains some 1.6 million data points, but coverage is poor

for Africa, Central Asia and for river mouths. Unfortunately similar

biological equivalents seem to be lacking. However, there are other

international initiatives, such as the Global Terrestrial Observing

System (GTOS, 2002), which are likely to generate improved

monitoring of aquatic ecosystems. UNESCO and WMO and other

United Nations (UN) bodies have mounted a series of national and

basin-wide technical assistance projects since the 1960s, to help

developing countries assess and manage their water resources more

effectively.

There are also a number of advances stemming from the use of

remote sensing that provide increasing potential for monitoring a

growing number of hydrological variables and overcoming the

difficulties of determining meaningful spatial patterns from ground-

based observations (Schultz and Engman, 2001). Data provided by

Geographical Information Systems (GIS) along with digital terrain

models are also becoming very important. For example, Food and

Agriculture Organization (FAO)/UNESCO prepared exercises intended

for self-learning in the application of GIS to hydrologic issues in West

Africa using Arcview (Maidment and Reed, 1996). Data produced by

tracer techniques are also proving very useful in quantifying sources

of streamflow, residence times and exploring flow paths. The advent

of global data centres, such as the Global Runoff Data Centre (GRDC),

has eased the problem of access to world and national datasets. The

Global Precipitation Climatology Centre (GPCC) collects precipitation

data and there are proposals for a centre for world groundwater to be

established in the Netherlands, under the auspices of UNESCO and

WMO. Another example is the World Glacier Monitoring Service

(WGMS) that collects data on the fluctuations of selected glaciers and

has been publishing these data since 1967 (Kasser, 1967). Now the

application of Landsat imagery, GIS and digital terrain modelling in

certain parts of the world allows for the rapid analysis of glacier

changes (Paul, 2002). The International Geosphere Biosphere

Programme (IGBP) of the International Council for Science (ICSU) has

also stimulated several initiatives involving the collection of global

datasets, some concerned with hydrology, and it has assisted ongoing

programmes such as the Global Network for Isotopes in Precipitation

(GNIP) (Gat and Oeschger, 1995), which has, since 1961, provided

monthly time series of isotope data from over 550 stations managed

by the International Atomic Energy Agency (IAEA) and WMO. Indeed,

IAEA has spearheaded efforts for the application of isotopes in

hydrology, such as by improving the understanding of aquifers in

many developing countries by collecting and analysing data on rates,

sources of recharge and the age of groundwater. Unninayar and

Schiffer (1997) provided a compendium of the systems designed to

observe the globe’s atmosphere, hydrosphere and land surface, while

the IAHS Global Databases Metadata System gives a metadata listing

of key water-related datasets. The Internet is a prime tool in

accessing these data, such as by FAO’s AQUASTAT or UNESCO’s Latin

American and Caribbean Hydrological Cycle and Water Resources

Activities Information System (LACHYCIS). Table 4.2 and figure 4.2

present an overview of the world’s available water resources.

Progress in understanding water resources has developed

considerably over the last twenty to thirty years, particularly

through advances in modelling. Now a very wide range of models
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Figure 4.2: Water availability versus population

The global overview of water availability versus the population stresses the continental

disparities, and in particular the pressure put on the Asian continent, which supports

more than half the population with only 36 percent of the world’s water resources.

Source: Web site of the UNESCO/IHP Regional Office of Latin America and the Caribbean.
1. GEMS Water, a combined effort of the United Nations Environment Programme, World Health
Organization, World Meterological Organization.
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Table 4.2: Water availability per person per year

Water resources Land Population

Ranking Continent Country Total  Groundwater: Surface Overlap: Water Water Dependency Land area Population  Population
internal produced water: Surface resources: resources: ratio (%) (km2) in 2000 density 

renewable internally produced and total total (1000 inh) in 2000
water (km3/year) 2 internally groundwater renewable renewable (inh/km2)

resources (km3/year) 3 (km3/year) 4 (km3/year)* per capita
(km3/year)1 (m3/capita

year)

1 N C America Greenland 603.00 – – – 603.00 10,767,857 0 341,700 56 0
2 N C America United States, Alaska 800.00 – – – 980.00 1,563,168 18 1,481,353 627 0.4
3 South America French Guiana 134.00 – – – 134.00 812,121 0 88,150 165 2
4 Europe Iceland 170.00 24.00 166.00 20.00 170.00 609,319 0 100,250 279 3
5 South America Guyana 241.00 103.00 241.00 103.00 241.00 316,689 0 196,850 761 4
6 South America Suriname 88.00 80.00 88.00 80.00 122.00 292,566 28 156,000 417 3
7 Africa Congo 222.00 198.00 222.00 198.00 832.00 275,679 73 341,500 3,018 9
8 Asia Papua New Guinea 801.00 – 801.00 – 801.00 166,563 0 452,860 4,809 11
9 Africa Gabon 164.00 62.00 162.00 60.00 164.00 133,333 0 257,670 1,230 5
10 Oceania Solomon Islands 44.70 – – – 44.70 100,000 0 27,990 447 16
11 N C America Canada 2,850.00 370.00 2,840.00 360.00 2,902.00 94,353 2 9,220,970 30,757 3
12 Oceania New Zealand 327.00 – – – 327.00 86,554 0 267,990 3,778 14
13 Europe Norway 382.00 96.00 376.00 90.00 382.00 85,478 0 306,830 4,469 15
14 N C America Belize 16.00 – – – 18.56 82,102 14 22,800 226 10
15 Africa Liberia 200.00 60.00 200.00 60.00 232.00 79,643 14 96,320 2,913 30
16 South America Bolivia 303.53 130.00 277.41 103.88 622.53 74,743 51 1,084,380 8,329 8
17 South America Peru 1,616.00 303.00 1,616.00 303.00 1,913.00 74,546 16 1,280,000 25,662 20
18 Asia Laos 190.42 37.90 190.42 37.90 333.55 63,184 43 230,800 5,279 23
19 South America Paraguay 94.00 41.00 94.00 41.00 336.00 61,135 72 397,300 5,496 14
20 South America Chile 884.00 140.00 884.00 140.00 922.00 60,614 4 748,800 15,211 20
21 Africa Equatorial Guinea 26.00 10.00 25.00 9.00 26.00 56,893 0 28,050 457 16
22 N C America Panama 147.42 21.00 144.11 17.69 147.98 51,814 0 74,430 2,856 38
23 South America Venezuela 722.45 227.00 700.14 204.69 1,233.17 51,021 41 882,050 24,170 27
24 South America Colombia 2,112.00 510.00 2,112.00 510.00 2,132.00 50,635 1 1,038,700 42,105 41
25 South America Brazil 5,418.00 1,874.00 5,418.00 1,874.00 8,233.00 48,314 34 8,456,510 170,406 20
26 Asia Bhutan 95.00 – 95.00 – 95.00 45,564 0 47,000 2,085 44
27 South America Uruguay 59.00 23.00 59.00 23.00 139.00 41,654 58 175,020 3,337 19
28 Africa Central African Rep. 141.00 56.00 141.00 56.00 144.40 38,849 2 622,980 3,717 6
29 N C America Nicaragua 189.74 59.00 185.74 55.00 196.69 38,787 4 121,400 5,071 42
30 Asia Cambodia 120.57 17.60 115.97 13.00 476.11 36,333 75 176,520 13,104 74
31 Africa Sierra Leone 160.00 50.00 150.00 40.00 160.00 36,322 0 71,620 4,405 62
32 Oceania Fiji 28.55 – – – 28.55 35,074 0 18,270 814 45
33 South America Ecuador 432.00 134.00 432.00 134.00 432.00 34,161 0 276,840 12,646 46
34 Europe Russian Federation 4,312.70 788.00 4,036.70 512.00 4,507.25 30,980 4 16,888,500 145,491 9
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Table 4.2: continued

35 N C America Costa Rica 112.40 37.30 75.10 0.00 112.40 27,932 0 51,060 4,024 79
36 Africa Guinea 226.00 38.00 226.00 38.00 226.00 27,716 0 245,720 8,154 33
37 Asia Malaysia 580.00 64.00 566.00 50.00 580.00 26,105 0 328,550 22,218 68
38 Asia Brunei Darussalam 8.50 0.10 8.50 0.10 8.50 25,915 0 5,270 328 62
39 Africa Guinea-Bissau 16.00 14.00 12.00 10.00 31.00 25,855 48 28,120 1,199 43
40 Oceania Australia 492.00 72.00 440.00 20.00 492.00 25,708 0 7,682,300 19,138 2
41 Africa Congo, Dem. Rep. 900.00 421.00 899.00 420.00 1,283.00 25,183 30 2,267,050 50,948 22
42 Europe Croatia 37.70 11.00 27.20 0.50 105.50 22,669 64 55,920 4,654 83
43 South America Argentina 276.00 128.00 276.00 128.00 814.00 21,981 66 2,736,690 37,032 14
44 Asia Myanmar 880.60 156.00 874.60 150.00 1,045.60 21,898 16 657,550 47,749 73
45 Europe Finland 107.00 2.20 106.80 2.00 110.00 21,268 3 304,590 5,172 17
46 Africa Madagascar 337.00 55.00 332.00 50.00 337.00 21,102 0 581,540 15,970 27
47 Europe Yugoslavia 44.00 3.00 42.40 1.40 208.50 19,759 79 102,000 10,552 103
48 Europe Sweden 171.00 20.00 170.00 19.00 174.00 19,679 2 411,620 8,842 21
49 Africa Cameroon 273.00 100.00 268.00 95.00 285.50 19,192 4 465,400 14,876 32
50 Europe Slovenia 18.67 13.50 18.52 13.35 31.87 16,031 41 20,120 1,988 99
51 Africa Sao Tome and Principe 2.18 – – – 2.18 15,797 0 960 138 144
52 N C America United States, Hawaii 18.40 13.20 5.20 0.00 18.40 15,187 0 16,636 1,212 73
53 N C America Honduras 95.93 39.00 86.92 29.99 95.93 14,949 0 111,890 6,417 57
54 Europe Latvia 16.74 2.20 16.54 2.00 35.45 14,642 53 62,050 2,421 39
55 Africa Angola 184.00 72.00 182.00 70.00 184.00 14,009 0 1,246,700 13,134 11
56 Asia Mongolia 34.80 6.10 32.70 4.00 34.80 13,739 0 1,566,500 2,533 2
57 Europe Ireland 49.00 10.80 48.20 10.00 52.00 13,673 6 68,890 3,803 55
58 Asia Indonesia 2,838.00 455.00 2,793.00 410.00 2,838.00 13,381 0 1,811,570 212,092 117
59 Europe Albania 26.90 6.20 23.05 2.35 41.70 13,306 35 27,400 3,134 114
60 Asia Georgia 58.13 17.23 56.90 16.00 63.33 12,035 8 69,700 5,262 75
61 Africa Mozambique 99.00 17.00 97.00 15.00 216.11 11,814 54 784,090 18,292 23
62 Asia Viet Nam 366.50 48.00 353.50 35.00 891.21 11,406 59 325,490 78,137 240
63 N C America United States 2,818.40 – – – 3,069.40 10,837 – 9,158,960 283,230 31
64 Europe Hungary 6.00 6.00 6.00 6.00 104.00 10,433 94 92,340 9,968 108
65 Africa Namibia 6.16 2.10 4.10 0.04 17.94 10,211 66 823,290 1,757 2
66 Africa Zambia 80.20 47.00 80.20 47.00 105.20 10,095 24 743,390 10,421 14
67 N C America Guatemala 109.20 33.70 100.70 25.20 111.27 9,773 2 108,430 11,385 105
68 Europe Austria 55.00 6.00 55.00 6.00 77.70 9,616 29 82,730 8,080 98
69 Europe Romania 42.30 8.30 42.00 8.00 211.93 9,445 80 230,340 22,438 97
70 Europe Bosnia and Herzegovina 35.50 – – – 37.50 9,429 5 51,000 3,977 78
71 Africa Botswana 2.90 1.70 1.70 0.50 14.40 9,345 80 566,730 1,541 3
72 Europe Slovakia 12.60 1.73 12.60 1.73 50.10 9,279 75 48,080 5,399 112
73 Europe Estonia 12.71 4.00 11.71 3.00 12.81 9,195 1 42,270 1,393 33
74 Asia Nepal 198.20 20.00 198.20 20.00 210.20 9,122 6 143,000 23,043 161
75 Africa Mali 60.00 20.00 50.00 10.00 100.00 8,810 40 1,220,190 11,351 9
76 Asia Bangladesh 105.00 21.09 83.91 0.00 1,210.64 8,809 91 130,170 137,439 1,056
77 Europe Switzerland 40.40 2.50 40.40 2.50 53.50 7,462 24 39,550 7,170 181
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Table 4.2: continued

Water resources Land Population

Ranking Continent Country Total  Groundwater: Surface Overlap: Water Water Dependency Land area Population  Population
internal produced water: Surface resources: resources: ratio (%) (km2) in 2000 density 

renewable internally produced and total total (1000 inh) in 2000
water (km3/year) 2 internally groundwater renewable renewable (inh/km2)

resources (km3/year) 3 (km3/year) 4 (km3/year)* per capita
(km3/year)1 (m3/capita

year)

78 N C America United States,
Conterminous 2,000.00 1,300.00 1,862.00 1,162.00 2,071.00 7,407 3 7,663,984 279,583 36

79 Europe Luxembourg 1.00 0.08 1.00 0.08 3.10 7,094 68 2,586 437 169
80 Europe Greece 58.00 10.30 55.50 7.80 74.25 6,998 22 128,900 10,610 82
81 Africa Reunion 5.00 2.80 4.50 2.30 5.00 6,935 0 2,500 721 288
82 Europe Portugal 38.00 4.00 38.00 4.00 68.70 6,859 45 91,500 10,016 109
83 Asia Kazakhstan 75.42 6.10 69.32 0.00 109.61 6,778 31 2,699,700 16,172 6
84 Europe Lithuania 15.56 1.20 15.36 1.00 24.90 6,737 38 64,800 3,696 57
85 Asia Thailand 210.00 41.90 198.79 30.69 409.94 6,527 49 510,890 62,806 123
86 Asia Philippines 479.00 180.00 444.00 145.00 479.00 6,332 0 298,170 75,653 254
87 Africa Gambia 3.00 0.50 3.00 0.50 8.00 6,140 63 10,000 1,303 130
88 Europe Netherlands 11.00 4.50 11.00 4.50 91.00 5,736 88 33,880 15,864 468
89 Europe Belarus 37.20 18.00 37.20 18.00 58.00 5,694 36 207,480 10,187 49
90 Africa Chad 15.00 11.50 13.50 10.00 43.00 5,453 65 1,259,200 7,885 6
91 Asia Turkmenistan 1.36 0.36 1.00 0.00 24.72 5,218 97 469,930 4,737 10
92 Africa Côte d’Ivoire 76.70 37.70 74.00 35.00 81.00 5,058 5 318,000 16,013 50
93 Africa Swaziland 2.64 – – – 4.51 4,876 41 17,200 925 54
94 N C America Mexico 409.00 139.00 361.00 91.00 457.22 4,624 11 1,908,690 98,872 52
95 Africa Mauritania 0.40 0.30 0.10 0.00 11.40 4,278 96 1,025,220 2,665 3
96 Africa Senegal 26.40 7.60 23.80 5.00 39.40 4,182 33 192,530 9,421 49
97 Asia Kyrgyzstan 46.45 13.60 44.05 11.20 20.58 4,182 0 191,800 4,921 26
98 N C America El Salvador 17.78 6.15 17.60 5.97 25.26 4,024 30 20,720 6,278 303
99 Africa Benin 10.30 1.80 10.00 1.50 24.80 3,954 58 110 620 6,272 57
100 Asia Azerbaijan 8.12 6.51 5.96 4.35 30.28 3,765 73 86 600 8,041 93
101 N C America Jamaica 9.40 3.89 5.51 0.00 9.40 3,651 0 10,830 2,576 238
102 Asia Korea, Dem. People’s 67.00 13.00 66.00 12.00 77.14 3,464 13 120,410 22,268 185
103 Asia Turkey 227.00 69.00 186.00 28.00 229.30 3,439 1 769,630 66,668 87
104 Europe France 178.50 100.00 176.50 98.00 203.70 3,439 12 550,100 59,238 108
105 N C America Cuba 38.12 6.48 31.64 0.00 38.12 3,404 0 109,820 11,199 102
106 Asia Japan 430.00 27.00 420.00 17.00 430.00 3,383 0 364,500 127,096 349
107 Europe Italy 182.50 43.00 170.50 31.00 191.30 3,325 5 294,110 57,530 196
108 Asia Iraq 35.20 1.20 34.00 0.00 75.42 3,287 53 437,370 22,946 52
109 Africa Togo 11.50 5.70 10.80 5.00 14.70 3,247 22 54,390 4,527 83
110 Europe Macedonia, The Fmr Y. 5.40 – 5.40 – 6.40 3,147 16 25,430 2,034 80
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Table 4.2: continued

111 Africa Niger 3.50 2.50 1.00 0.00 33.65 3,107 90 1,266,700 10,832 9
112 Asia Afghanistan 55.00 – – – 65.00 2,986 15 652,090 21,765 33
113 N C America Trinidad and Tobago 3.84 – – – 3.84 2,968 0 5,130 1,294 252
114 Asia Pakistan 248.00 55.00 243.00 50.00 418.27 2,961 41 770,880 141,256 183
115 Africa Uganda 39.00 29.00 39.00 29.00 66.00 2,833 41 197,100 23,300 118
116 Europe Ukraine 53.10 20.00 50.10 17.00 139.55 2,815 62 579,350 49,568 86
117 Europe Spain 111.20 29.90 109.50 28.20 111.50 2,794 0 499,440 39,910 80
118 Asia Armenia 9.07 4.20 6.27 1.40 10.53 2,780 14 28,200 3,787 134
119 Africa Ghana 30.30 26.30 29.00 25.00 53.20 2,756 43 227,540 19,306 85
120 Europe Moldova, Republic of 1.00 0.40 1.00 0.40 11.65 2,712 91 32,910 4,295 131
121 Europe Bulgaria 21.00 6.40 20.10 5.50 21.30 2,680 1 110,550 7,949 72
122 Asia Sri Lanka 50.00 7.80 49.20 7.00 50.00 2,642 0 64,630 18,924 293
123 Asia Tajikistan 66.30 6.00 63.30 3.00 15.98 2,625 17 140,600 6,087 43
124 Africa Tanzania, 

United Rep. of 82.00 30.00 80.00 28.00 91.00 2,591 10 883,590 35,119 40
125 Africa Nigeria 221.00 87.00 214.00 80.00 286.20 2,514 23 910,770 113,862 125
126 N C America Dominican Republic 21.00 11.70 21.00 11.70 21.00 2,507 0 48,380 8,373 173
127 Europe United Kingdom 145.00 9.80 144.20 9.00 147.00 2,465 1 240,880 59,634 248
128 Asia China 2,879.40 891.80 2,715.50 727.90 2,896.57 2,259 1 9,327,420 1,282,437 137
129 Africa Sudan 30.00 7.00 28.00 5.00 64.50 2,074 77 2,376,000 31,095 13
130 Asia Uzbekistan 16.34 8.80 9.54 3.00 50.41 2,026 77 414,240 24,881 60
131 Asia Iran, Islamic Rep. of 128.50 49.30 97.30 18.10 137.51 1,955 7 1,622,000 70,330 43
132 Africa Mauritius 2.21 0.68 2.03 0.50 2.21 1,904 0 2,030 1,161 572
133 Asia India 1,260.54 418.54 1,222.00 380.00 1,896.66 1,880 34 2,973,190 1,008,937 339
134 Europe Germany 107.00 45.70 106.30 45.00 154.00 1,878 31 356,680 82,017 230
135 N C America Puerto Rico 3.40 – – – 7.10 1,814 0 8,870 3,915 441
136 Europe Belgium 12.00 0.90 12.00 0.90 18.30 1,786 34 30,230 10,249 339
137 Africa Ethiopia 110.00 40.00 110.00 40.00 110.00 1,749 0 1,000,000 62,908 63
138 N C America Haiti 13.01 2.16 10.85 0.00 14.03 1,723 7 27,560 8,142 295
139 Africa Eritrea 2.80 – – – 6.30 1,722 56 101,000 3,659 36
140 Africa Comoros 1.20 1.00 0.20 0.00 1.20 1,700 0 2,230 706 317
141 Asia Syrian Arab Republic 7.00 4.20 4.80 2.00 26.26 1,622 80 183,780 16,189 88
142 Europe Poland 53.60 12.50 53.10 12.00 61.60 1,596 13 304,420 38,605 127
143 Africa Zimbabwe 14.10 5.00 13.10 4.00 20.00 1,584 30 386,850 12,627 33
144 Africa Somalia 6.00 3.30 5.70 3.00 13.50 1,538 56 627,340 8,778 14
145 Africa Malawi 16.14 1.40 16.14 1.40 17.28 1,528 7 94,080 11,308 120
146 Asia Korea, Republic of 64.85 13.30 62.25 10.70 69.70 1,491 7 98,730 46,740 473
147 Africa Lesotho 5.23 0.50 5.23 0.50 3.02 1,485 0 30,350 2,035 67
148 Europe Czech Rep. 13.15 1.43 13.15 1.43 13.15 1,280 0 77,280 10,272 133
149 Asia Lebanon 4.80 3.20 4.10 2.50 4.41 1,261 1 10,230 3,496 342
150 Africa South Africa 44.80 4.80 43.00 3.00 50.00 1,154 10 1,221,040 43,309 35
151 Europe Denmark 6.00 4.30 3.70 2.00 6.00 1,128 0 42,430 5,320 125
152 Africa Burkina Faso 12.50 9.50 8.00 5.00 12.50 1,084 0 273,600 11,535 42

W
P
 
0
4
C
h
a
p
t
e
r
 
0
4
 
/
4
 
 
2
2
/
1
/
0
3
 
 
1
1
:
1
9
 
P
M
 
 
P
a
g
e
 
7
3



7
4

/
 

A
 

L
O

O
K

 
A

T
 

T
H

E
 

W
O

R
L

D
’S

 
F

R
E

S
H

W
A

T
E

R
 

R
E

S
O

U
R

C
E

S
The Natural Water Cycle

Table 4.2: continued

Water Resources Land Population

Ranking Continent Country Total  Groundwater: Surface Overlap: Water Water Dependency Land area Population  Population
internal produced water: Surface resources: resources: ratio (%) (km2) in 2000 density 

renewable internally produced and total total (1000 inh) in 2000
water (km3/year) 2 internally groundwater renewable renewable (inh/km2)

resources (km3/year) 3 (km3/year) 4 (km3/year)* per capita
(km3/year)1 (m3/capita

year)

153 Asia Cyprus 0.78 0.41 0.56 0.19 0.78 995 0 9,240 784 85
154 Africa Kenya 20.20 3.00 17.20 0.00 30.20 985 33 569,140 30,669 54
155 Africa Morocco 29.00 10.00 22.00 3.00 29.00 971 0 446,300 29,878 67
156 Africa Egypt 1.80 1.30 0.50 0.00 58.30 859 97 995,450 67,884 68
157 N C America Antigua and Barbuda 0.05 – – – 0.05 800 0 440 65 148
158 Africa Cape Verde 0.30 0.12 0.18 0.00 0.30 703 0 4,030 427 106
159 Africa Rwanda 5.20 3.60 5.20 3.60 5.20 683 0 24,670 7,609 308
160 N C America Saint Kitts Nevis 0.02 0.02 0.004 0.00 0.02 621 0 360 38 106
161 Africa Burundi 3.60 2.10 3.50 2.00 3.60 566 0 25,680 6,356 248
162 Africa Tunisia 4.15 1.45 3.10 0.40 4.56 482 9 155,360 9,459 61
163 Africa Algeria 13.90 1.70 13.20 1.00 14.49 478 4 2,381,740 30,291 13
164 Africa Djibouti 0.30 0.02 0.30 0.02 0.30 475 0 23,180 632 27
165 Asia Oman 0.99 0.96 0.93 0.90 0.99 388 0 212,460 2,538 12
166 N C America Barbados 0.08 0.07 0.01 0.002 0.08 307 0 430 267 621
167 Asia Israel 0.75 0.50 0.25 0.00 1.67 276 55 20,620 6,040 293
168 Asia Yemen 4.10 1.50 4.00 1.40 4.10 223 0 527,970 18,349 35
169 Asia Bahrain 0.004 0.00 0.004 0.00 0.12 181 97 690 640 928
170 Asia Jordan 0.68 0.50 0.40 0.22 0.88 179 23 88,930 4,913 55
171 Asia Singapore 0.60 – – – 0.60 149 – 610 4,018 6,587
172 Europe Malta 0.05 0.05 0.00 0.00 0.05 129 0 320 390 1,219
173 Asia Saudi Arabia 2.40 2.20 2.20 2.00 2.40 118 0 2,149,690 20,346 9
174 Africa Libyan Arab Jamahiriya 0.60 0.50 0.20 0.10 0.60 113 0 1,759,540 5,290 3
175 Asia Maldives 0.03 0.03 0.00 0.00 0.03 103 0 300 291 970
176 Asia Qatar 0.05 0.05 0.001 0.00 0.05 94 4 11,000 565 51
177 N C America Bahamas 0.02 – – – 0.02 66 0 10,010 304 30
178 Asia United Arab Emirates 0.15 0.12 0.15 0.12 0.15 58 0 83,600 2,606 31
179 Asia Gaza Strip (Palestine) 0.05 0.05 0.00 0.00 0.06 52 18 380 1,077 2,834
180 Asia Kuwait 0.00 0.00 0.00 0.00 0.02 10 100 17,820 1,914 107
181 Africa Seychelles – – – – – – 0 450 80 178
182 Asia West Bank 0.75 0.68 0.07 0.00 0.75 – 0 5,800 – –

1 2+3-4* Aggregation of data can only be done for internal renewable water resources and not the total renewable water resources, as that would result in double counting of shared water resources.
(–) No data available

Sources: Water resources: FAO: AQUASTAT 2002; land and population: FAOSTAT, except for the United States (Conterminous, Alaska and Hawaii): US Census Bureau.
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exists and more are being developed including: rainfall-runoff

models, aquifer models, ecosystem models and catchment models,

many including monitoring of water quality. There are process

models, hydroecological models and management models backed up

by decision support systems and expert systems. There are

stochastic and deterministic models with a complexity that ranges

from simple lumped and black-box models to very sophisticated

physically-based models with a high resolution of the land surface,

including the surface-soil-vegetation-atmosphere interface and the

processes operating there. Satellite data are being employed in a

number of different types of models and they are proving valuable

in assessing the water quality of large basins. 

However, there are also studies which demonstrate that the

sophistication and likeness to reality of a model are no guide to its

predictive success (Naef, 1981). The additional problem of scale exists

when the results of a limited experiment carried out over distances of

tens of metres have to be extrapolated to kilometres by modelling.

Scale is also a problem that has to be addressed when different types

of models are to be coupled, meteorological and hydrological models

for example, but the increase in computing power is one of the factors

easing this difficulty. Some of these techniques have been employed

to estimate water resources on a global or continental scale grid,

producing maps showing variations with time (McKinney et al., 1998). 

Improving knowledge of hydrological processes is essential to

the understanding that permits water resources to be safeguarded

and managed. The physical processes operating at the surface of

the ground where the atmosphere, soil and vegetation meet are

important to runoff generation and infiltration and also to the

climate models developed for atmospheric studies, such as for work

on climate change. Likewise, studies of the interaction of water with

the biotic environment are necessary for a number of practical

applications, the control of algal blooms and the maintenance of

fish stocks, for example. Hydrological processes operating in bodies

of surface water are a major factor in the complex and seasonally

dynamic groundwater flow fields associated with them;

consequently the representation of these processes has to be

adequately captured in models which aim to portray these systems.

Global Hydrology and Water Resources

Variability over a wide range of scales in space and time is the most

obvious feature of the global pattern of the hydrological cycle and of

its component parts which determine water resources (see map 4.1).

0 10 50 100 200 300 500 1,000 [max 6,160]

Map 4.1: The long-term average water resources according to drainage basins

The long-term average of water resources by drainage basin is used as an indicator of water available to the populations in the basin. The use of the drainage basin as the

basic unit sharpens the contrast between adjacent water-rich and water-poor countries, compared to map 4.4, based on a grid scale.

Source: Map prepared for the World Water Assessment Programme (WWAP) by the Centre for Environmental Research, University of Kassel, based on Water Gap Version 2.1.D, 2002.

(in mm/year)
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But space and time deal very unfairly with certain parts of the world:

while some regions and periods experience water scarcity, others are

replete with water resources. In addition to the variations from year

to year and beyond, there is the progress of the seasons which

gives a regular rhythm to a number of these patterns and

consequently to water resources over much of the globe outside

the tropics. Precipitation provides the input to the land phase of the

cycle. Evaporation, transpiration and sublimation return a large part

of this water to the atmosphere, while much of the remainder is

temporarily stored in the soil and in aquifers, glaciers and ice

sheets. What is left runs off to the sea over a much shorter time

span, with lakes and reservoirs holding some of the flow. Rivers

transport most of this runoff from the land but some groundwater

reaches the sea directly.

Climate change
Climate change is a natural, ongoing process. Thanks to the

progress made in a number of techniques, the variability of the

climate during the last 500,000 years has been well documented.

Analysis tells us that a difference of a few degrees in annual

average temperature of the earth can lead to massive impacts on

glacier extension, sea level, precipitation regimes and distribution,

and patterns of biodiversity. 

The different assessments carried out by the Intergovernmental

Panel on Climate Change (IPCC) have shown with increasing

evidence that the emissions of greenhouse gases released in the

atmosphere since the nineteenth century – which will continue for

the coming decades, even if the rate is reduced or stabilized – will

lead to a ‘global warming’ of the earth over the period 1990–2100,

with an expected increase of the average annual temperature in the

range of 1.4°C to 5.8°C. The projected rate of warming is very likely

to be without precedent during at least the last 10,000 years.

Among the associated effects are rises in the ocean level (in the

range of 0.09 to 0.88 metres for the same period) and, as a

consequence of the availability of more energy in the climate

system, an intensification of the global hydrological cycle. In some

areas, this will lead to changes in the total amount of precipitation,

in its seasonal distribution pattern and in its frequency and

intensity. Together with changes in evapotranspiration, these new

conditions may directly affect the magnitude and timing of runoff,

the intensity of floods and drought and have significant impacts on

regional water resources, affecting both surface water and

groundwater supply for domestic and industrial uses, irrigation,

hydropower generation, navigation, in-stream ecosystems and

water-based recreation. Hydrological sciences have underscored

‘non-linearity’ and ‘threshold effects’ in hydrological processes,

which means that the terrestrial component of the hydrological

cycle amplifies climate inputs. The regional drought that struck the

African Sahel during the 1970s and the 1980s provides an

illustration of these concepts: while the decrease in precipitation

over this region during the two mentioned decades was in the

magnitude of 25 percent compared to the 1950–69 period, the

major rivers flowing through the region have experienced reductions

in annual flows of a magnitude of 50 percent (Servat et al., 1998).

In others words, what can be considered as a minor change in the

total or in the temporal pattern of precipitation may nevertheless

have tangible effects on water resources. 

As a consequence of sea level rise, a calculable effect on water

tables is that the interface between freshwater and brackish water will

move inland, which may have significant impacts on the development

and the life of people in coastal regions and in small islands.

Most numerical simulations have shown that an intensification

of the hydrological cycle will not simply result in a smooth drift

towards new conditions, but will most probably be associated with

an increased variability of rainfall patterns at different time scales

(interannual, seasonal, individual storm event). Thus, climate change

will have to be taken into account in managing the temporal

variability of water resources, and in managing the risks of water-

related disasters (floods and droughts).

For water resource managers, the impacts of climate change are

still considered as minor compared to the problems they are facing

with the present climate variability. However, as it is likely that the

variability may increase due to climate change, the impacts of the

latter might become a real concern for water managers. In fact,

coping with present-day climate variability while applying principles

of Integrated Water Resources Management (IWRM) that take due

account of risk, is certainly the most sound option for coping with

climate change in the future.

Precipitation
The world pattern of precipitation (see map 4.2) shows large

annual totals in the tropics (2,400 millimetres [mm] and more), in

the mid-latitudes and where there are high mountain ranges

(Jones, 1997). 

The monsoon, tropical cyclones and mid-latitude frontal and

convective storm systems are important mechanisms controlling

precipitation, while orographic lifting is another. Towards the poles

and with increasing altitude, a greater proportion of the

precipitation occurs as snow. The annual snowfall over the earth is

estimated to be about 1.7x1013 tons (Shiklomanov et al., 2002),

covering an area that varies from year to year between 100 and 

126 million km2. 

Small annual precipitation totals (200 mm and less) occur in the

subtropics, the polar regions and in areas furthest from the oceans.

There are also rain shadows in the lee of mountains, such as in the

valleys east of the Sierra Nevada in the western United States
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where totals are small. The world’s deserts and semi-deserts are

located in these areas, some vast such as the Sahara Desert, others

very local in nature. In certain arid regions there may be no rain for

several years, in marked contrast to locations where heavy

precipitation occurs virtually every day and annual totals are

enormous, for example in Hawaii, United States (11,000 mm). Such

extremes in precipitation give rise to floods on the one hand and

droughts on the other, with few parts of the globe left immune: in

fact, deserts can experience flash floods, while humid areas may

suffer from prolonged droughts. 

Shiklomanov (1998a) estimates the total precipitation on the

land surface to be 119,000 cubic kilometres (km3) per year with

other estimates ranging from 107,000 to 119,000 km3.

Evaporation
The pattern of evaporation is conditioned by the availability of

water to evaporate. Where water is readily available, such as in an

open water surface, evaporation is at the potential rate and only

restricted by atmospheric conditions. Where water is in limited

supply, in an arid area for example, the actual rate of evaporation

from the land surface is much lower than the potential. In general

terms, potential evaporation rates are highest in the arid subtropics

(more than 2,000 mm per annum), decreasing poleward to about

500 mm at latitude 50° and also decreasing with altitude. Actual

rates are highest in the tropics and in mid-latitudes where large

precipitation totals ensure a plentiful supply of soil moisture.

Evaporation from the land surface is estimated by Shiklomanov

(1998a) to be 74,200 km3 a year, with the lowest of other

estimates being 70,000 km3.

Soil moisture
The soil acts as a significant reservoir when it is well developed,

partitioning precipitation between runoff and infiltration and

releasing water for plant growth. Soil moisture storage is dependent

on a number of factors in addition to precipitation and evaporation:

factors such as soil type, soil depth, vegetation cover and slope. The

consequence is that even within a small basin, the pattern of soil

moisture can be very heterogeneous. Consequently, the best guide

to the global distribution of soil moisture storage may be the

balance between precipitation and evaporation. This balance has a

marked seasonal pattern over much of the world within the top part

of the soil profile. This dries during the summer and returns to a

T H E  N A T U R A L  W A T E R  C Y C L E  / 7 7

0 50 250 500 750 1,000 2,000 and more

Map 4.2: Mean annual precipitation

The world pattern of precipitation shows strong disparities between large annual rainfall in the tropics (some areas get in excess of 10,000 mm), and semi-arid and arid

regions (such as the Sahara Desert). Differences within the African continent are particularly significant.

Source: Map prepared for the World Water Assessment Programme (WWAP) by the Centre for Environmental Research, University of Kassel, based on an Analysis by the Global Precipitation Climatology
Centre (GPCC) (data extracted from the GPCC website in 2002 and Rudolf et al., 1994).

(in mm/year)
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wet state in the winter. Korzun (1974) postulated that the active

soil water occurs mainly in the top two metres of the soil – within

the rooting depth of most vegetation. On this basis he estimated

the globe’s total volume of soil moisture to be approximately

16,500 km3. This figure assumes that soil moisture is 10 percent of

the two-metre layer, and that the area of soil containing moisture

covers 55 percent of the land area or 82 million km2.

Groundwater
Since earliest antiquity, the human race has obtained much of its

basic requirement for good-quality water from subterranean

sources. Springs, the surface manifestation of underground water,

have played a fundamental role in human settlement and social

development. But for many millennia, capability to abstract this vital

fluid was tiny in comparison to the available resource.

Heavy exploitation followed major advances in geological

knowledge, well drilling, pump technology and power development,

which for most regions dates from the 1950s (Foster et al., 2000).

Today, with a global withdrawal rate of 600–700 km3/year (Zektser

and Margat, forthcoming), groundwater is the world’s most

extracted raw material, and, for example, forms a cornerstone of the

Asian ‘green agricultural revolution’, provides about 70 percent of

piped water supply in the European Union, and supports rural

livelihoods across extensive areas of sub-Saharan Africa.

The science base: from maps to models

The surface extension of aquifers is now reasonably well known in

most parts of the world, as a result of major improvements in

geological mapping and hydrogeological interpretation over the past

ten to thirty years, which have been stimulated by the IHP and

facilitated by IAH (Struckmeier and Margat, 1995).

Hydrogeological interpretation involves building up a conceptual

model of how the groundwater system functions, through

identification of recharge processes, three-dimensional flow regime,

discharge areas and the relationship with surface water. This forms

the essential scientific basis for water resource management and

protection, increasingly via numerical modelling of aquifers. But,

especially in the developing world, conceptual (and thus numerical)

models of the groundwater flow system for mapped aquifers cannot

always be established with sufficient confidence or in adequate

detail as a result of:

■ lack of knowledge of three-dimensional geology;

■ inadequate monitoring of groundwater levels;  and

■ insufficient data on hydraulic head variations with depth, that

control flow patterns from recharge to discharge areas.

A vast reservoir of freshwater

Groundwater systems (aquifers and in some cases interbedded

aquitards) unquestionably constitute the predominant reservoir and

strategic reserve of freshwater storage on planet Earth – probably

about 30 percent of the global total and as much as 98 percent of the

fraction in liquid form (Shiklomanov, 1998a). Certain aquifers (such as

those in table 4.3 and map 4.3) extend quite uniformly over very large

land areas and have much more storage than all the world’s surface

reservoirs and lakes. In sharp contrast to surface water bodies, they

hardly lose any of their stored water by direct evaporation. 

Nonetheless, calculation of the total volume of global

groundwater storage is by no means straightforward, and the

precision and usefulness of any calculation will inevitably be open to

question. Actual estimates, which are always massive, range from

7,000,000 km3 (Nace, 1971) to 23.4 million km3 (Korzun, 1974),

but all are subject to major assumptions about the effective depth

and porosity of the freshwater zone.

The boom in groundwater resource exploitation

Rapid expansion in groundwater exploitation occurred between 1950

and 1975 in many industrialized nations, and between 1970 and 1990 in

most parts of the developing world. Systematic statistics on abstraction

and use are not available, but globally groundwater is estimated to

provide about 50 percent of current potable water supplies, 40 percent

of the demand of self-supplied industry and 20 percent of water use in

irrigated agriculture (Zektser and Margat, forthcoming). These

proportions, however, vary widely from one country to another.

Moreover, the value of groundwater to society should not be gauged

solely in terms of relative volumetric abstraction. Compared to surface

water, groundwater use often brings large economic benefits per unit

volume, because of ready local availability, drought reliability and good

quality requiring minimal treatment (Burke and Moench, 2000).

The list of major cities with considerable dependence on this

resource is long (Foster et al., 1997; Burke and Moench, 2000). It

assumes even greater importance for the supply of innumerable

medium-sized towns: it is believed that more than 1.2 billion urban

dwellers worldwide depend on well, borehole and spring sources. As

regards groundwater use for irrigated agriculture, FAO has certain

country-level data on its AQUASTAT Database for the 1990s (table

4.4 provides some data for selected countries).

The case of India is worthy of specific mention, since groundwater

directly supplies about 80 percent of domestic water supply in rural

areas, with some 2.8 to 3.0 million hand-pump boreholes having been

constructed over the past thirty years. Further, some 244 km3/year are

currently estimated to be pumped for irrigation from about

15–17 million motorized dugwells and tubewells, with as much as 70

percent of national agricultural production being supported by

groundwater (Burke and Moench, 2000; Foster et al., 2000).
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Map 4.3: Groundwater resources of the world

The map clearly shows that the conditions of groundwater storage vary from area to area. While some regions are underlined by aquifers extending over large areas, others

have no groundwater, except for the floodplain alluvial deposits usually accompanying the largest rivers. In mountainous regions, groundwater generally occurs in complexes

of jointed hard rocks.This global map is based on important hydrogeological mapping programmes that have been carried out on all continents except Antarctica. It forms the

first step of a worldwide hydrogeological mapping and assessment programme (WHYMAP) recently started by UNESCO, IAH, the Commission for the Geological Map of the

World (CGMW), the International Atomic Energy Agency (IAEA) and the German Federal Institute for Geosciences and Natural Resources (BGR). In this programme, a series of

groundwater-related global maps will be produced and provided in digital format.

Source: Map prepared for the World Water Assessment Programme (WWAP) by the Federal Institute for Geosciences and Natural Resources (BGR)/Commission for the Geological Map of the World
(CGMW)/International Association of Hydrogeologists (IAH)/United Nations Educational, Scientific and Cultural Organization (UNESCO), 2002.

Table 4.3: Some large aquifers of the world

Area Volume Replenishment
No. Name (million km2) (billion m3) time (years) Continent

1 Nubian Sandstone Aquifer System 2.0 75,000 75,000 Africa
2 North Sahara Aquifer System 0.78 60,000 70,000 Africa
3 High Plains Aquifer System 0.45 15,000 2,000 North America
4 Guarani Aquifer System 1.2 30,000 3,000 South America
5 North China Plain Aquifer Systems 0.14 5,000 300 Asia
6 Great Artesian Basin 1.7 20,000 20,000 Australia

The largest aquifers occur in Africa, where they represent a very precious resource, since rainfall is almost non-existent. However, a wise exploitation of this resource is necessary.

Sources: Margat, 1990a, 1990b. 

major groundwater basin with highly-productive aquifers

area with complex structure including some important aquifers

area with generally poor aquifers, locally overlain by river-bed aquifers

permanent ice

large freshwater lake
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Aquifer replenishment – controls and uncertainties 

Groundwater is in slow motion from areas of aquifer recharge

(which favour the infiltration of excess rainfall and/or surface

runoff) to areas of aquifer discharge as springs and seepages to

watercourses, wetlands and coastal zones (Zektser, 1999). The large

storage capacity of many aquifers over long time periods (see table

4.3) transforms a highly variable recharge regime into a much more

constant discharge regime.

The contemporary rate of aquifer recharge (replenishment

through deep infiltration) is often used as an indicator of

groundwater resource availability. However, average aquifer

recharge rate is not necessarily a constant parameter, and is also

frequently subject to considerable uncertainty (Foster et al., 2000),

since it varies considerably with:

■ changes in land use and vegetation cover, notably introduction

of irrigated agriculture with imported surface water, but also

with natural vegetation clearance, soil compaction, etc.;

■ changes in surface water regime, especially diversion of river flow;

■ lowering of the water table, by groundwater abstraction and/or

land drainage, leading to increased infiltration; and

■ longer-term climatic cycles, with considerable uncertainty

remaining over the impacts on groundwater systems of the

current global warming trend.

These variations mean that groundwater recharge estimates have

always to be treated with caution. 

As a result of the very large storage of groundwater systems,

aquifer residence times can often be counted in decades or

centuries and sometimes in millennia (figure 4.3). Evidence of this,

and the major influence on aquifer recharge of climate change

during Quaternary history, has been revealed through analyses of

environmental isotopes.

Development and application of these techniques, promoted by

the IAEA-Isotope Hydrology Section, has demonstrated that much of

the deeper groundwater in large geological basins and thick coastal

deposits originated as recharge infiltrating during wetter epochs,

often 10,000 or more years ago. In some more arid regions this

‘fossil groundwater’ may be the only resource, and thus should be

used judiciously.

Groundwater development: the risk of unsustainability

The rapid expansion in groundwater exploitation has led to major

social and economic benefits, but is also encountering significant

problems (see table 4.5). For example, it has been estimated that

mining of groundwater storage is occurring at a rate of about

10 km3/year on the North China Plain within the Hai He basin, and

about 5 km3/year in the 100 or so recognized Mexican aquifers. 

This abstraction is not physically sustainable in the longer term.

In both cases most of the consumptive use of the pumped

groundwater is by irrigated agriculture, but there is also competition

with urban water supply abstraction coupled with inadequate

attention to wastewater in general and to opportunities that

integrated planning could provide. 

A significant fraction of total aquifer replenishment is commonly

required to maintain dry-weather river flows and/or to sustain some

types of aquatic and terrestrial ecosystems (Foster et al., 2000;

Alley, 1999). Groundwater abstraction reduces (in some cases
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Country Irrigated Irrigation % of 
area (M ha) use (km3/year) groundwater

India 50.1 460 53
China 48.0 408 18
Pakistan 14.3 151 34
Iran 7.3 64 50
Mexico 5.4 61 27
Bangladesh 3.8 13 69
Argentina 1.6 19 25
Morocco 1.1 10 31

Groundwater is more widely used for irrigation than surface water in countries such as India,
Bangladesh and Iran. Note that arid countries such as Saudi Arabia are not listed in the table despite
their using almost 100 percent groundwater from irrigation.

Sources: Burke and Moench, 2000; Foster et al., 2000. 

Figure 4.3: Typical groundwater flow regimes and residence times under
semi-arid climatic conditions

As a result of the very large storage capacity and very low flow velocity of

groundwater systems, aquifer residence times can often be counted in decades or

centuries, and sometimes in millennia.

Source: British Geological Survey.
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seriously) natural aquifer discharge to the aquatic environment, and

resource development involving consumptive use of groundwater (or

export from the sub-basin concerned) has the greatest impact. This

should be an important consideration in resource planning and

environmental management, but it is one that has been all too

widely overlooked in the past. 

The integrity of the soil layer overlying aquifers plays a key role in

allowing groundwater recharge to take place. Anthropogenic

influences can be highly significant in this context. For example, there

is mounting evidence from across the African Shield that clearance of

natural vegetation has led to soil erosion and compaction. As a

consequence, infiltration and aquifer recharge and discharge have

been reduced, leading to the fall of dry-weather flow in many smaller

rivers which are vital to human survival and livelihood. 

Natural groundwater quality problems

While the quality of unpolluted groundwater is generally good,

some groundwater naturally contains trace elements, dissolved from

the aquifer matrix, which limit its fitness for use (Edmunds and

Smedley, 1996). These elements can be troublesome for domestic

use (iron) or pose a public health hazard (fluoride, arsenic). With

the introduction of more systematic and comprehensive analysis of

groundwater supplies, supported by hydrogeochemical research,

detailed knowledge of their origin and distribution is steadily

increasing with the hope that associated problems can either be

avoided or treated on a sound footing in the future.

There are significant areas of the globe where serious soil and

groundwater salinization are present or have developed as a result of:

■ rising groundwater table, associated with the introduction of

inefficient irrigation with imported surface water in areas of

inadequate natural drainage;

■ natural salinity having been mobilized from the landscape,

consequent upon vegetation clearing for farming development

with, in these cases, increased rates of groundwater recharge; and

■ excessive disturbance of natural groundwater salinity

stratification in the ground through uncontrolled well

construction and pumping.

Such situations always prove costly to remedy (Foster et al., 2000).

Vulnerability of aquifers to pollution

Aquifers are much less vulnerable to anthropogenic pollution than

surface water bodies, being naturally protected by the soil and

underlying vadose (unsaturated) zone or confining strata. But, as a

result of large storage and long residence times when aquifers

become polluted (see figure 4.4), contamination is persistent and

difficult to reverse (Clarke et al., 1996).

Some aquifers are more vulnerable than others, and can be

affected by a wide range of pollutants discharged or leached at the

land surface. Moreover, most aquifers will (sooner or later) be

affected by relatively persistent contaminants (such as nitrate,

salinity and certain synthetic organics), if widely leached into

groundwater in aquifer recharge areas.

The more spectacular groundwater pollution incidents, with

large plumes of high concentration, are associated with industrial

point sources from accidental spillage or casual discharge in

vulnerable areas. However, more insidious and persistent problems

are associated with diffuse pollution sources generated through

intensification of agricultural cultivation or from unsewered urban

and industrial development. The compilation of maps of aquifer

vulnerability provides land use managers with a valuable tool for the

establishment of preventive and protective measures (Vrba and

Zaporozec, 1994).

Certain clear tendencies, including widespread quality

deterioration of shallow aquifers in areas of rapid urbanization and

agricultural intensification, have been identified (Foster and

Lawrence, 1995). However, it is not possible to make reliable

estimates of the proportion of active replenishment or of

groundwater storage affected by pollution, because few nations

have adequate groundwater quality monitoring networks set up for
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Table 4.5: Groundwater exploitation and associated problems

Socio-economic benefits Sustainability problems
• economical provision of good-quality urban water supply • inefficient resource utilization on a very widespread basis

• growing social inequity in the access to groundwater in some regions
• low-cost development of drought-reliable rural water supplies • physically unsustainable abstraction rates in more arid regions

• reduction in dry weather baseflow in some downstream watercourses 
• accessible and reliable water supply for irrigated crop cultivation • irreversible aquifer damage locally due to saline intrusion/upconing

• localized land subsidence due to aquitard compaction
• improved drainage and salinity alleviation in some areas • damage to some groundwater-dependent ecosystems

Sources: Alley, 1999; Foster et al., 2000.
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this purpose. This will, however, be a major thrust of the recently

launched European Union Water Framework Directive.

The future: management and monitoring needs

A major challenge for the future is to stabilize aquifers exhibiting

serious hydraulic imbalance and, where feasible, reinstate some

discharge to the surface water environment. This can be achieved

only by implementing realistic balance-of-demand management

measures and supply or recharge enhancement. This variously

requires (Foster et al., 2000):

■ an institutional framework of appropriate style and scale;

■ a sound system of groundwater abstraction and use rights;

■ adequate financial investment in water-saving technology;

■ active groundwater user and broader stakeholder participation;

■ economic instruments to encourage reduced water consumption; 

and

■ incentives to increase water harvesting and aquifer recharge.

Groundwater recharge enhancement requires good planning, design

and operation, with appropriate monitoring to ensure that the

selected method is effective and sustainable. A range of potentially

cost-effective methods is available for ‘banking’ excess rainwater,

surface runoff and reclaimed wastewater in aquifers (Bouwer,

2002).

The principal problems that have arisen in relation to

groundwater in urban development (Foster et al., 1997) result from

the common failure by urban water and environmental managers to

identify and manage potentially negative interactions between

wastewater elimination and groundwater supply, and to recognize

the association between groundwater abstraction and urban

drainage and infrastructure in low-lying cities.

In relation to groundwater pollution threats, the major

management task is one of protection. This requires sustained

institutional action to identify ‘hazardous activities’ and ‘vulnerable

areas’, broadcasting the latter so as to ‘make groundwater more

visible’ to stakeholders and the broader public, and thereby

mobilizing their participation in pollution control. 

A key requirement in many countries will be to transform the

role of the national or local government departments responsible

for groundwater from exclusively ‘supply’ development to primarily

‘resource-custodian’ and ‘information-provider’ development (Foster

et al., 2000).

For the most part, monitoring of aquifer abstraction and use,

water level fluctuation and recharge quality is far from adequate for

water-resource management needs. This deficiency has also reduced

the current ability to present a comprehensive and well-

substantiated statement on the global status of groundwater

resources and the role of groundwater in some processes of global

change.

Glaciers and ice sheets
The world’s largest volume of freshwater is stored within the ice

caps and glaciers, about 90 percent of it in the Antarctic and much

of the remainder in Greenland (see table 4.1). Despite plans for

towing icebergs to coastal locations in lower latitudes, this water is

considered inaccessible and not available for use. Most of the

available water contributing to water resources drains from the

smaller ice sheets and glaciers in North and South America, Europe

and Asia. The present glaciation is estimated to cover an area of

about 16.2 million km2 and the total water volume of ice across

the globe is considered to exceed 24 million km3 (Korzun, 1974).

This smaller volume that is distributed across the continents and

from which melt water is released sustains river flows and

contributes to seasonal peaks. Without further precipitation, the

74 km3 of water stored within Swiss glaciers is estimated to be

sufficient to maintain river flows for about five years

(Bandyopadhyay et al., 1997).

In addition, underground ice resides in the areas of permafrost

extending over north-east Europe, northern Asia, including the

Arctic islands, northern Canada and the fringes of Greenland and

Antarctica, as well as in the higher parts of South America. The

total area of permafrost is about 21 million km2, some 14 percent

of the land area. The depth of permafrost ranges from 400 to 650

metres. Korzun (1974) has estimated the volume of ice to be

300,000 km3. However, this water makes a very limited contribution

to water resources.

Lakes and reservoirs
There are 145 large lakes across the globe with an area of at least

100 km2, holding some 168,000 km3 of water (Korzun, 1974). This

is estimated to be about 95 percent of the total volume of all the

world’s lakes, which number some 15 million, giving a total volume

of lake water of 176,400 km3 (see table 4.1). Of this total, about

91,000 km3 is freshwater and 85,400 km3 is saline. However, these

figures should be treated with caution, as the hydrology of about

40 percent of the world’s large lakes has not been studied and their

volumes are approximations (Shiklomanov, forthcoming). Most of the

world’s lakes are situated in the Northern Hemisphere and located

in glaciated areas: for example, Lakes Superior, Huron, Michigan,

Erie and Ontario in the United States lie behind moraines left by the

receding ice. Some lakes are found in large tectonic depressions

(Baikal in the Russian Federation, Victoria and Nyassa in eastern

Africa), others in valleys blocked by landslides (Teletskoye in the

Altai Mountains, Russian Federation). There are also some lakes of

volcanic origin, some created by wind action and those resulting
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from the collapse of particular strata. The world’s major lakes

include the Caspian Sea, which contains some 91 percent of the

world’s inland saline waters and Lake Baikal, which represents 

27 percent of the world’s lake freshwater.

According to the World Commission on Dams (WCD, 2000)

there was a world total of 47,655 large dams in 1998 and an

estimated 800,000 smaller ones (Hoeg, 2000). A large dam by the

definition of the International Commission on Large Dams (ICOLD)

has a height of more than 15 metres, or has a dam of above

5 metres holding a reservoir volume of more than 3 million cubic

metres (Mm3). These include some dams that have been

constructed to increase the capacity of existing lakes, for example

the Owen Falls Dam on the Nile below Lake Victoria. Dams have

been built across river valleys to create reservoirs and some create

cascades of reservoirs, for example, on the Nile and Colorado.

Reservoirs have been constructed alongside rivers and are filled by

pumping. Together these dams hold back a large volume of water

and contribute a significant amount of storage globally (see table

4.6).

The first dams were constructed some 5,000 years ago, but the

commissioning of large dams peaked between the 1960s and the

1980s particularly in China, the United States, the former USSR and

India. However, some 300 dams over 60 metres high were listed as

under construction in 1999, and authorities are claiming that many

more will be needed in the future to meet the burgeoning demand

for water. Cosgrove and Rijsberman (2000) maintain that a further

150 km3 of storage will be required by 2025 to support irrigation

alone and 200 km3 more to replace the current overconsumption of

groundwater. Of course, reservoirs are also built to satisfy various

needs: flood control, drinking water supply, recreation and so on.

Vörösmarty et al. (1997) estimated that there are 633 large

reservoirs with capacities of over 0.5 km3 storing a total volume of

nearly 5,000 km3. It is considered that this represents 60 percent of

the total global capacity which can then be calculated as a figure in

excess of 8,000 km3. These large reservoirs regulate about 

40 percent of the earth’s total runoff, increasing residence times by

nearly fifty days and retaining about 30 percent of the sediment

transported by the rivers where they are located. These reservoirs

also cause increased evaporation – since they create a larger total

surface area exposed to evaporation – representing some 200 km3 a

year, according to Cosgrove and Rijbersman (2000).

River flows
Although the volume of water in rivers and streams is very small by

comparison with those in the other components of the world water

balance (see table 4.1), in many parts of the world this water

constitutes the most accessible and important resource. 

Map 4.4 shows how the pattern of river flows reflects the

global distribution of precipitation, with zones of large flow in the

tropics and middle latitudes and small flows over much of the

remainder. In fact about 40 percent of the total runoff enters the

world’s oceans between 10° N and 10° S. But not all rivers reach

the ocean; there are a number of areas of inland drainage which

are not connected to it including: the Caspian Sea basin, most of

middle and central Asia, the Arabian Peninsula, much of north Africa

and central Australia. Together they cover about 30 million km2

(20 percent of the total land area), but they produce only 2.3 percent

(about 1,000 km3 per year) of the runoff (UNESCO, 1993). In these

areas, groundwater is particularly important, although it is very difficult

to assess its contribution to the resource. In one study for Africa, FAO

(1995) estimated the renewable groundwater resource to be 188 km3/year

for the continent as a whole, or 5 percent of the volume of runoff.

There is also the water lost by evaporation from the large rivers that

cross these arid and semi-arid areas and from the reservoirs and
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Table 4.6: The world’s largest reservoirs

Reservoir Continent Country Basin Year of filling Dam height (m) Full volume (km3)
Owen Falls Africa Uganda, Kenya, Victoria-Nile 1954 31 204
(Lake Victoria) United Republic of Tanzania
Bratskoye Asia Russian Federation Angara 1967 106 169
Nasser Africa Egypt Nile 1970 95 169 
Kariba Africa Zambia, Zimbabwe Zambezi 1959 100 160
Volta Africa Ghana Volta 1965 70 148 
Daniel Johnson North America Canada Manicouagan 1968 214 141
Guri South America Venezuela Caroni 1986 162 136
Krasnoyarskoye Asia Russian Federation Yenisey 1967 100 73
Vadi-Tartar Asia Iraq Tigris 1956–1976 – 72
WAC Bennett North America Canada Peace 1967 183 7

Source: Shiklomanov, forthcoming. 
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swamps associated with them, for example from the Indus (Pakistan),

the Niger (West Africa), the Nile (eastern Africa) and the Colorado

(Argentina). About 1,100 km3 of runoff per year is lost in this way

(Shiklomanov, forthcoming). For the large number of rivers with a

groundwater component, this is included in the determination of flow,

even though some groundwater flows to the oceans directly. 

The world’s largest river, the Amazon in Latin America, contributes

some 16 percent of the global total annual runoff, while the five

largest river systems (Amazon, Ganges with the Brahmaputra in India,

Congo in Central Africa, Yangtze in China and Orinoco in Venezuela)

together account for 27 percent (see table 4.7). 

These figures are derived from the forthcoming study by

Shiklomanov who collected and analysed flow records from the world

hydrological network divided between twenty-six homogeneous and

comparable regions covering the globe (Shiklomanov, 1998a). The

2,500 most suitable records were selected from this network and

adjusted to the period 1921 to 1985. This adjustment was necessary

because although a few of the records were for longer periods of

observation, many were for shorter periods, many records had gaps and

some had to be estimated from precipitation totals. From this study, the

average total flow per year from the land surface to the ocean was

estimated to be 42,800 km3 with slight variations from year to year. 

There are groups of wet years and dry years, but no trend over the

sixty-five-year period. In terms of water resources the variability from

one year to the next is very important but this variability is masked by

the averaged data. This distorted view pertains particularly to arid and

semi-arid regions, where the coefficient of variation (Cv) of annual

discharges is in excess of 0.7 and where the driest years can experience

a discharge of less than 10 percent of the long-term average. For wet

regions (with average annual rainfall greater than 1,000 mm), annual

variability is benign and the coefficients of variation are smaller (typically

between 0.15 and 0.3) and the driest year is rarely less than 40 percent

of the long-term average. So, where river flows are lowest around the

world, the year-to-year variability is highest. Smaller rivers show greater

annual variability than larger rivers. Runoff is unevenly distributed

through the year for most regions of the globe with 60 to 70 percent

occurring in the spring and early summer and 2 to 10 percent in the

three driest months. For example, in Russia and Canada between 55

to 70 percent of the runoff occurs between May and August, while

47 to 65 percent of the runoff in India and China is between July and

September. Floods contribute a large proportion of the flows during

these periods when they transport the major part of the annual load

of sediment and of materials in solution (see table 4.8). A number of

severe floods have occurred in recent years, for example those on the
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Map 4.4: Long-term average runoff on a global grid

The enormous variation in climate around the Earth leads to great variability in the streamflow, which is in line with the rainfall. This map shows similar patterns to map 4.1.

Source: Map prepared for the World Water Assessment Programme (WWAP) by the Centre for Environmental Research, University of Kassel, based on Water Gap Version 2.1.D, 2002.

(in mm/year)
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Oder (Germany) in July 1997, those generated by the supercyclone in

Orissa (India) in October 1999 and those from cyclone Eline, which

affected Mozambique and neighbouring countries in February 2000

(Cornford, 2001).

Water quality
The quality of natural water in rivers, lakes and reservoirs and below

the ground surface depends on a number of interrelated factors.

These factors include geology, climate, topography, biological

processes and land use, together with the time the water has been in

residence. However, over the last 200 years human activities have

developed to such an extent that there are now few examples of

natural water bodies. This is largely due to urban and industrial

development and intensification of agricultural practices, combined

with the transport of the waste products from these activities by

surface water and groundwater and by the atmosphere. The scale and

intensity of this pollution varies considerably. Table 4.8 shows some

of the chemical determinants of the world’s average rivers, both

natural and polluted.

There are global problems such as heavy metals, regional problems

like acid rain and much more localized ones – groundwater

contamination, for example. In many places groundwater has become
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Table 4.7: The largest rivers in the world by mean annual discharge with their loads

Suspended Dissolved
Mean annual Maximum Minimum solids solids

Basin area discharge discharge discharge Runoff Volume (million (million
River (km2) (m3/sec) (m3/sec) (m3/sec) (mm/year) (km3) tons/year) tons/year)

Amazon 4,640,300 155,432 176,067 133,267 3,653 4,901 275 1,200
(South  America)
Congo 3,475,000 40,250 54,963 32,873 1,056 1,296 41 43
(Central Africa)
Orinoco 836,000 31,061 37,593 21,540 1,172 980 32 150
(Venezuela)
Yangtze 1,705,383 25,032 28,882 21,377 463 789 247 478
(China)
Brahmaputra 636,130 19,674 21,753 18,147 975 620 61 540
(India)
Yenisei 2,440,000 17,847 20,966 15,543 231 563 68 13
(Russian Federation)
Lena 2,430,000 16,622 19,978 13,234 216 524 49 18
(Russian Federation)
Parana 1,950,000 16,595 54,500 4,092 265 516
(Argentina)
Mississippi 3,923,799 14,703 20,420 10,202 118 464 125 210
(United States)
Ob  2,949,998 12,504 17,812 8,791 134 394
(Russian Federation)

The world’s largest river, the Amazon, contributes by itself some 16 percent of the global total annual stream water flow, and the Amazon and the other four largest river systems (Congo, Orinoco,
Yangtze, Brahmaputra) combined account for 27 percent.

Sources: GRDC, 1996; Berner and Berner, 1987.

Table 4.8: The chemical composition of average river water (concentration in milligrams/litre)

Silicon Total
Calcium Magnesium Sodium Potassium Chlorine Sulphate Bicarbonate dioxide Dissolved

(Ca++) (Mg++) (Na+) (K+) (Cl) (SO4) (HCO3) (SiO2) Solids (TDS)

Actual 14.7 3.7 7.2 1.4 8.3 11.5 53.0 10.4 110.1
Natural 13.4 3.4 5.2 1.3 5.8 8.3 52.0 10.4 99.6

The difference shown in this table between the natural and the actual chemical composition of river water highlights the importance of the water pollution all over the world.

Source: Meybeck, 1979.

WP 04Chapter 04 /4  22/1/03  11:19 PM  Page 85



contaminated as a result of leakage from storage tanks, mine tailings

and accidental spillages (Herbert and Kovar, 1998). This contamination

highlights the dimension of time; because groundwater systems are

almost impossible to cleanse and many contaminants are persistent

and remain a hazard for long periods even at low concentrations.

There are also parts of the world where naturally occurring trace

elements are present in groundwater, the most prevalent being arsenic

and fluoride. These cause serious health effects. Indeed, health is an

important factor in many of the world’s major water quality problems

listed by WHO/UNEP (1991) (see table 4.9). 

Arsenic is widely distributed throughout the earth’s crust: it

occurs in groundwater through the dissolution of minerals and ores.

Long-term exposure to arsenic via drinking water causes cancer of

the skin, lungs, urinary bladder and kidney, as well as other effects on

skin such as pigmentation changes and thickening. Cancer is a late

expression of this exposure and usually takes more than ten years to

develop. A recent study (BGS and DPHE, 2001) suggests that

Bangladesh is grappling with the largest mass ‘poisoning’ in history,

potentially affecting between 35 and 77 million of the country’s 

130 million inhabitants. Similar problems with excessive

concentrations of arsenic in drinking water occur in a number of

other countries. Excessive amounts of fluoride in drinking water can

also be toxic. Discoloration of teeth occurs worldwide, but crippling

skeletal effects caused by long-term ingestion of large amounts are

prominent in at least eight countries, including China where 30 million

people suffer from chronic fluorosis. The preferred remedy is to find
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Issue scale Water bodies polluted Sector affected Time lag between cause and effect Effects extent

Organic pollution rivers ++ aquatic environment <1 year local to district
lakes +

groundwater +
Pathogens rivers++ health ++ <1 year local

lakes +
groundwater +

Salinization groundwater ++ most uses 1–10 years district to region
rivers + aquatic environment

health
Nitrate rivers + health >10 years district to region

lakes +
groundwater ++

Heavy metals all bodies health <1 to >10 years local to global
aquatic environment

ocean fluxes
Organics all bodies health 1 to 10 years local to global

aquatic environment
ocean fluxes

Acidification rivers ++ health >10 years district to region
lakes ++ aquatic environment

groundwater +
Eutrophication lakes ++ aquatic environment >10 years local

rivers + most uses
ocean fluxes

Sediment load rivers + aquatic environment 1–10 years regional
(increase and decrease) lakes most uses

ocean fluxes
Diversions, dams rivers ++ aquatic environment 1–10 years district to region

lakes + most uses
groundwater ++

+ Serious issue on a global scale
++ Very serious issue on a global scale 

Pollutants of many kinds eventually find their way into water bodies at all levels. Although it may take some years for problems to become evident, poor water quality affects both human health and ecosystem
health. 

Source: WHO/UNEP, 1991.
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a supply of drinking water with safe levels of arsenic and fluoride

but removal of the concentrations may be the only solution. 

Organic material from domestic sewage, municipal waste and

agro-industrial effluent is the most widespread pollutant globally

(UNEP, 1991). It is discharged untreated into rivers, lakes and

aquifers, particularly in the more densely populated parts of Asia,

Africa and South America and to a varying extent around certain

urban centres over the remainder of the world. Its volume has risen

over the last hundred years and this rise is likely to continue into the

future as the pace of development accelerates. It contains faecal

materials, some infected by pathogens, which lead to increased rates

of morbidity and mortality among populations using the water.

This organic material also has high concentrations of nutrients,

particularly nitrogen and phosphorus, which cause eutrophication of

lakes and reservoirs, promoting abnormal plant growth and depleting

oxygen. Nitrogen levels have also risen because of the increased use

of nitrogenous fertilizers in agriculture, in both developed and

developing countries. There is concern because nitrate concentrations

in large numbers of sources of surface water and groundwater exceed

the WHO guideline of 10 milligrams per litre. In many parts of the

world trends in many heavy metal concentrations in river water have

risen due to leaching from waste dumps, mine drainage and melting,

to the extent that they can reach five to ten times the natural

background level (Meybeck, 1998). Concentrations of organic

micropollutants from the use of pesticides, industrial solvents and like

materials have also increased. There is anxiety about the health

effects of these and other pollutants, but the consequences of

exposure to these substances is often not clear. 

For the developed world, acidification of surface water was a

serious problem in the 1960s and 1970s, particularly in Scandinavia,

western and central Europe and in the north-east of North America,

but since then sulphur emissions have decreased and the acid rain

problem has diminished. The main impact was on aquatic life which

generally cannot survive with pH levels below 5, but there are also

health problems because higher acidity raises concentrations of

metals in drinking water. Acidification is likely to continue in

countries and regions with increasing industrialization, such as India

and China.

For the developing world, increasing salinity is a serious form of

water pollution. Poor drainage, fine grain size and high evaporation

rates tend to concentrate salts in the soils of irrigated areas in arid

and semi-arid regions. Salinity affects large areas, some to a limited

extent, others more severely. In some cases natural salinity is

mobilized from the landscape by the clearance of vegetation for

agriculture and the increased infiltration this may cause.

Shiklomanov (forthcoming) estimates that some 30 percent of the

world’s irrigated area suffers from salinity problems and remediation

is seen to be very costly (Foster et al., 2000).

Most rivers carry sediment in the form of suspended load and

bed load, in some cases the latter is charged with metals and other

toxic materials (see map 4.5). This sediment load is adjusted to the

flow regime of the river over time, and changes to this regime

accompanied by increases or decreases in the load can cause

problems downstream. These include the progressive reduction of

reservoir volumes by siltation, the scouring of river channels and

the deposition of sediment in them, threatening flood protection

measures, fisheries and other forms of aquatic life. River diversions,

including dams, can produce some of these effects on sediment, but

in addition they may alter the chemical and biological characteristics

of rivers, to the detriment of native species. The world total of

suspended sediment transported to the oceans is reported to be as

high as 51.1 billion tons per year (Walling and Webb, 1996).

Despite regional and global efforts to improve the situation

since the 1970s, knowledge of water quality is still incomplete,

particularly for toxic substances and heavy metals (Meybeck, 1998).

In addition, there appear to be no estimates of the world total

volume of polluted surface water and groundwater, nor the severity

of this pollution. Shiklomanov (forthcoming) provides estimates of

the volume of wastewater produced by each continent, which

together gave a global total in excess of 1,500 km3 for 1995. Then

there is the contention that each litre of wastewater pollutes at

least 8 litres of freshwater, so that on this basis some 12,000 km3

of the globe’s water resources is not available for use. If this figure

keeps pace with population growth, then with an anticipated

population of 9 billion by 2050, the world’s water resources would

be reduced by some 18,000 km3.

Human impacts on water resources
Preceding paragraphs have discussed various aspects of the

influence of human activities on the hydrological cycle and on water

resources. In turn there are also those aspects of land use which

influence the hydrological cycle. Wetlands, for example, can have

profound effects, many beneficial to humankind, including flood

storage, low flow maintenance, nutrient cycling and pollutant

trapping (Acreman, 2000). This view forms a key component of the

policies stemming from the Convention on Wetlands (Davis, 1993)

and those of many national initiatives, some concerned with the

economic value of wetlands (Laurans et al., 1996).

Studies of the hydrological impacts of changing land use have a

long and well documented history (Swanson et al., 1987; Blackie et

al., 1980; Rodda, 1976; Sopper and Lull, 1967). The techniques

comprising the paired basin approach were developed in Switzerland

in the 1890s, with subsequent research following in Japan and the

United States between 1910 and 1930. Similar basins, usually small

and contiguous with the same land use, were instrumented in order

to measure their water balances to quantify the effects of change,
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particularly with respect to runoff. After a calibration period, land

use was altered in one basin and the differences in the hydrological

behaviour of the pair were quantified during the ensuing period.

Clear-cutting of forest, the effects of fire, different cropping

practices, grazing and afforestation were among the changes

studied. Coweeta in the United States, Valdai in Russia and

Jonkershoek in South Africa were among those locations where

these experiments were launched in the 1920s and 1930s.

A large number of studies of this type were started in different

parts of the world in the 1950s and 1960s and the majority

contributed to the programme on representative and experimental

basins, which formed a prominent part of the International

Hydrological Decade (IHD, 1965–74) of UNESCO. Research practice

was strengthened (Toebes and Ouryvaev, 1970) and results

compared (IAHS/UNESCO, 1970) and as time went on, greater

interest was given to water quality matters. The results from many

representative and experimental basins were harnessed to the

FRIEND Programme, to gain better knowledge of the effects of

human activities on the hydrological cycle on a regional scale and to

upgrade the assessment of water resources. The European Network

of Experimental and Representative Basins (ERB), which was

launched in 1986, developed a study of methods of hydrological

basin comparison (Robinson, 1993). Maksimovic (1996) provided a

review of methods for investigating urban hydrology. At the start of

the twenty-first century with the IHP broadened towards the social,

political and environmental dimensions of water and water

resources, it is fitting that the Hydrology, Environment, Life and

Policy Programme (HELP) is returning to a network of selected river

basins across the world as the basis for their study.

There are some global overviews of the results from these

various studies of representative and experimental basins, for

example in Falkenmark and Chapman (1989), but few recent

publications. One reason may be that conditions vary to such an

extent that the conclusions from one set of basin studies may not

hold in another set sited in a different climatic zone. There is also

the problem that there are many results for temperate latitudes and

relatively few for other regions of the globe, despite increased

attention to key regions such as the humid tropics (Bonell et al.,

1993). Nevertheless, Ellis (1999) summarized the findings of fifty-

two studies mainly concerned with the impact of urban areas on the

hydrological cycle. He concluded that:
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Map 4.5: Sediment load by basin

Changes in sediment yield reflect changes in basin conditions, including climate, soils, erosion rates, vegetation, topography and land use. It is influenced strongly by human actions,

such as in the construction of dams and levees (see high sediment load in China and the Amazon basin, where large dams have been implemented), forest harvesting and farming

in drainage basins.

Source: Syvitski and Morehead, 1999.

(in million tons/year)
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■ infiltration and recharge to aquifer systems are reduced and

surface runoff is increased in both volume and rate due to

growth in the impermeable surface areas leading to increased

downstream flooding;

■ declining water levels and land subsidence may occur due to

groundwater mining;

■ pollutant loads to water courses and surface water bodies

increase from surface runoff and sewage outfalls especially

during storms in urban areas;

■ leakage to groundwater occurs from old and poorly maintained

sewers;

■ extensive soil and groundwater are contaminated by industrial

leakages, spills of hazardous industrial chemicals and poorly

planned solid and liquid waste disposal practices;

■ increased artificial surface water infiltration and recharge from

source control devices lead to poor groundwater quality; and

■ habitats and the diversity of species are reduced in receiving waters.

Hibbert (1967) surveyed the results from thirty-nine studies, mainly

in the United States, on the effects of altering the forest cover on

basin water yield. He showed, in general, that reduction in forest

area increases yield and that reforestation decreases yield. The

increase was a maximum in the first year of complete felling, with

an upper limit equivalent to a depth of 4.5 mm a year for each

percent reduction in forest cover. As the forest regrows, the

increased streamflow declines in proportion to the rate of forest

recovery. Dunne and Leopold (1978) reached similar conclusions

from these and other findings and added that the effect of reducing

forest cover may be far less important in arid regions. Results from

ninety-four paired basin studies in different parts of the world were

reported by Bosch and Hewlett (1982). They found that for pine

and eucalyptus forest there was an average of 40 mm change in

yield per 10 percent change in cover, while the corresponding

figures for hardwood and scrub were 25 and 10 percent. Later

research has generally agreed with these results, but the emphasis

has switched from relatively simple studies of water quantity to

those of the processes involved (Kirby et al., 1991), including basin

hydrobiogeochemistry, in attempts to understand the mechanisms in

operation. But it seems that the further the functioning of a basin

is unravelled, the more complex and detailed the processes appear

and the greater the number of questions and uncertainties

generated (Neal, 1997).

Desalinated water resources
With population growth and concerns about water scarcity growing,

several countries, especially in the Near East region, are developing

desalination plants to convert saline water (e.g. sea-water, brackish

water or treated wastewater) into freshwater. 

The deterioration of existing groundwater resources, combined

with the dramatic decline in costs, has given new impetus to this

old technology, once considered an expensive luxury. The global

market for desalination currently stands at about US$35 billion

annually, and could double over the next fifteen years.

The process of desalting has a great deal to contribute to

relatively small-scale plants providing high-cost water for domestic

consumption in water-deficient regions. For irrigation, however,

costs do constitute a major constraint. Therefore, except in extreme

situations, desalinated seawater has not been used for irrigation,

and the contribution of desalinated seawater on a global scale to

total resource availability is very small.

In 2002 there were about 12,500 desalination plants around the

world in 120 countries. They produce some 14 million m3/day of

freshwater, which is less than 1 percent of total world consumption.

The most important users are in the Near East (about 70 percent of

worldwide capacity) – mainly Saudi Arabia, Kuwait, the United Arab

Emirates, Qatar and Bahrain – and North Africa (6 percent), mainly

Libya and Algeria. Among industrialized countries, the United States

(6.5 percent) is a big user (in California and parts of Florida). Most

of the other countries have less than 1 percent of worldwide

capacity. It is expected that the demand for desalinated seawater will

increase in those countries that already apply this option, and will

also appear in other regions and countries as their less expensive

supply alternatives become exhausted. However, safe disposal of

generally toxic chemical by-product of desalination is still a concern.

Among the various desalination processes, the following are the

most interesting for large-scale water production: Reverse Osmosis

(RO), Multi-Effect Distillation (MED) and Multi-stage Flash Distillation

(MSF). The latter is used mainly in the oil producing countries of the

Middle East. Currently, RO offers the most favourable prospects, as it

requires less energy and investment than other technologies. A lot of

energy is needed to desalinate water, although the form and amount

of energy input depends on the process used. For RO, for example,

about 6 kilowatts per hour (kWh) of electricity is required for each m3

of drinking water produced. For distillation processes such as MED

and MSF, the energy input is mainly in the form of heat (70°C to

130°C hot water or steam). For MED, specific heat consumption is in

the range of 25–200 KWh/m3 and for MSF, 80–150 kWh/m3.

Gulf States such as Saudi Arabia, the United Arab Emirates and

Kuwait use dual-purpose power and desalination plants on a grand

scale. Jordan, Israel and the Palestinian Authority are increasingly

seeing a viable and economic solution to ensuring future water
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supplies in desalted water. The North African sea resort of Tunis is

investigating this alternative to major water transport schemes.

Despite the costs, desalination plants are currently underway in

Italy, Spain, Cyprus, Malta, South Africa, Algeria, Morocco, the

Canary Islands, the Republic of Korea and the Philippines. In western

America, where drought and water shortages are common

occurrences, cities such as Santa Barbara in California are investing

alongside water utilities to supplement their drinking water supply

with desalinated water.

The Regional Dimension2

An examination of the state of freshwater resources at the

continental level reveals clear disparities that a global examination

can hide, since it is based on averages. In order to get an unbiased

view of the global state of freshwater resources, it is therefore

important to address this regional dimension of the overall picture.

In turn, this regional and global appreciation is not complete

without being informed by data from the local level, such as those

provided in the case studies section of this report.

Africa
The African continent occupies an area of 30.1 million km2 spanning the

equator. It has a rapidly growing population of well over 700 million,

many living in some of the world’s least developed countries. The

hydrological network is also the world’s least developed with sparse

coverage and short fragmentary records, except for the Nile Basin and

in certain countries in the north and south of the continent. Most of

Africa is composed of hard Precambrian rocks forming a platform with

some mountainous areas, mainly on the fringes of the continent and

where the rift valley crosses east Africa. The climate is much more

varied than the relief with the hottest of deserts and the most humid

of jungles – the amount and distribution of precipitation in space and

time being paramount. Annual totals vary from 20 mm a year over

much of the vastness of the Sahara to 5,000 mm towards the mouth

of the Niger (see map 4.2 showing mean annual precipitation). With

large amounts of solar radiation and high temperatures, African

evaporation rates are high. The deserts that cover about one third of

the continent in the north and south have little surface water but large

volumes of groundwater. The Congo (central Africa) is the world’s

second largest river and the Nile the longest (6,670 km), but the

Orange (South Africa), Zambesi (southern Africa), Niger and Senegal

(West Africa) rivers are also important. The average annual flow from

Africa for the 1921–1985 period was about 4,000 km3. Many of the

rivers have a considerable hydropower potential that is already

exploited by certain dams and power plants such as those at Kariba

(Zambia) and Aswan (Egypt). These schemes have aided development

but some have serious hydroecological and social effects. Parts of the

large areas under irrigation suffer from high water tables and

increased salinity. Over the past ten years, Africa has experienced

nearly one-third of all water-related disaster events (in this case,

floods and droughts) that have occurred worldwide, with nearly 135

million people affected (80 percent by drought).

Asia
The Asian continent has an area of 43.5 million km2 occupying one

third of the land surface of the globe and supports a population of

3,445 million people. It is a continent of great contrasts – contrasts

in relief, climate, water resources, population density and standard

of living, for example. There are also contrasts in the hydrological

network: countries fringing the Pacific and Indian Oceans, such as

Japan and Malaysia, have networks with high levels of capability and

they contrast with those towards the centre of the continent where

networks are generally deficient. Asia’s geology and relief are very

complicated and the climate is extremely varied, the monsoon

dominating the south and east. Climatic differences are intensified

by high mountain chains and plateaux, disrupting the pattern of

precipitation that, in general, decreases from south to north and

from east to west (see map 4.2 on mean annual precipitation). 

High rates of evaporation occur across the southern half of the

continent with areas of desert in the west and centre. Some of the

world’s largest rivers drain Asia to the Arctic, Pacific and Indian

Oceans (see table 4.7): the Ganges and the Brahmaputra (India);

Yangtze (China); Yenisey, Lena, Ob, Amur (Russian Federation); and

Mekong (South-East Asia) for example, but there are large areas

draining to the Aral and Caspian Seas and further areas of inland

drainage in western China. The mean annual runoff from Asia for the

period 1921 to 1985 is estimated to be 13,500 km3, about half of

which originated in South-East Asia, in contrast to the Arabian

Peninsula with an estimated 7 km3. There are large aquifers and many

lakes in Asia, such as Lake Baikal in the Russian Federation. China,

India, Russia and Pakistan have a large number of reservoirs, primarily

used for irrigation. The continent faces serious flood problems and

sedimentation problems, particularly in China, as well as pollution of

surface water and groundwater in densely populated areas. However,

the water problems of the basin of the Aral Sea are the most acute.

Europe
Occupying an area of 10.46 million km2, Europe is one of the world’s

most densely populated and developed regions. It has a dense

hydrological network containing a number of stations with 200 years

or more of records. This network is best developed in the west and
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2. This section draws heavily on Shiklomanov (forthcoming) and on the expertise of the
UNESCO Regional Hydrology Advisers.
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least in the east of the continent. Precipitation, in general, increases

westwards to the Atlantic rim from about 400 mm in Russia and

Poland to over 4,000 mm a year in Norway and Scotland (see map 4.2

on mean annual precipitation). It also increases with altitude such as

in the Alps. However, parts of the south, Spain and Italy, for example,

receive low rainfall amounts and experience high rates of evaporation

that cause water resource problems. Although there are some large

rivers, such as the Volga (250 km3), the Danube (225 km3) and the

Rhine (86 km3), the majority are relatively small, many with steep

courses. The mean annual runoff from Europe, for the period of 1921

to 1985, is estimated at 2,900 km3 per year, most from northern

Europe and least from the southern part of eastern Europe. The

number of lakes and reservoirs is large and there are extensive

aquifers. Over the last 200 years, industry, energy generation,

agriculture and urban development have changed the pattern of runoff

from the continent and altered its quality characteristics. Many rivers

and lakes were badly polluted by discharges of untreated sewage,

mine wastes and agricultural effluents.

Latin America and the Caribbean
South America has an area of 17.9 million km2 and a population of

less than 400 million, about 6 percent of the world total, but produces

about 26 percent of the world’s water resources. It has a modern

hydrological network with 6,000 or so stations, some with records

longer than fifty years. Precipitation averages over South America are

about 1,600 mm a year, with a mean of about 2,400 mm across the

Amazon basin. Totals can be as low as 20 mm a year in the Atacama

Desert and over 4,000 mm in the Andes in southern Chile. Evaporation

rates are high across much of the continent, and with the variability of

the precipitation in certain areas, such as north-east Brazil, drought

can be a frequent problem. The Amazon is the world’s largest river,

but the Rio de la Plata, Orinoco, San Francisco and Paranaiba rivers are

also very important. The average runoff from South America for the

1921–1985 period was calculated to be about 12,000 km3 per year.

There are large and productive aquifers, lakes and reservoirs, but the

high density of population in certain areas and the untreated sewage

resulting causes water pollution problems and there are similar

problems due to agricultural effluents and mine wastes in some parts.

Central America has a surface area of 807,000 km2 and a

population of 35 million. Various factors have put substantial

pressure on the water resources, in spite of their abundance. The

annual per capita water availability exceeds 3,000 m3/year, but

only 42 percent of the rural population and 87 percent of the

urban population have access to drinking water. Two thirds of the

population live in areas with drainage to the Pacific ocean, while

30 percent of its water discharges into this water body. The other

third of the population is located in the Caribbean basin, which

generates 70 percent of the ‘isthmus’ water. This uneven

distribution puts stress on the region’s water resources.

The Caribbean has a surface area of 269,000 km2. Countries

differ in size, population and economic conditions. The temperature

varies between 24°C in February and 31°C in August, also

presenting a wide rainfall variation throughout the region, from

500 mm/year in the Netherlands Antilles to 7,700 mm/year in the

Dominican Republic. 

The region has sufficient water but the availability of safe water

is becoming a major socio-economic issue. Population growth has

notably increased water demand. Water quality is a generalized

issue in the region due to the degradation caused by agricultural

toxic substances and the mismanagement of solid waste as well as

mining and industrial activities.

North America
North America, including its adjacent islands to the north and south,

has an area of 24.25 million km2 and a population of some

450 million, more than half living in the highly developed United

States and Canada. These countries have the most advanced

hydrological networks of the world, with routine use made of radar

and satellite data. The relatively simple structure of the continent, with

high mountains in the western third and vast plains extending to the

east towards lower mountains, allows the arctic and the tropics to

influence the climate through their weather extremes – the hurricanes,

for example, which track across the south. Precipitation roughly follows

the same pattern as the relief. Along the Pacific rim rainfall can reach

3,000 mm and more at higher altitudes; considerable variations occur

within the western mountains and plateaux, while annual totals of

between 500 and 1,500 mm occur eastwards. To the south there are

very dry areas shared by Mexico and the United States. The north is

dominated by the Great Lakes and a large number of others, while

there are many reservoirs and extensive aquifers over much of the

continent. The Mississippi-Missouri is the principal river system

followed by the St. Lawrence, Mackenzie, Columbia and Colorado.

These rivers and the multitude of smaller ones carried an annual

average of runoff of about 7,900 km3 to the surrounding seas over

the period from 1921 to 1985. Throughout the nineteenth and

twentieth centuries, human activities considerably changed the natural

pattern of runoff in the majority of drainage basins and the position of

the water table in many aquifers. The flow in most rivers is regulated,

while numerous abstractions and discharges are made for a variety of

different purposes. Large interbasin transfers take place in Canada to

assist power generation. Agriculture, particularly irrigated agriculture in

the west, causes resource problems and pollution arises from industry

and mine wastes. There have been serious flood problems in the

Mississippi basin in recent years and there are recurring floods in

countries fringing the Caribbean in the wake of hurricanes.
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Oceania
Australia is the smallest continent with an area of 7.6 million km2

and a population approaching 20 million. However, the islands of

Tasmania and New Guinea, those of New Zealand and those

comprising the remainder of Oceania add a further 1.27 million km2

and some 10 million additional people. Australia and New Zealand

are developed countries with advanced hydrological networks but

they are less advanced over the rest of the region. Australia is a

large ancient plateau, raised along its eastern fringe, but the

structure and geology of much of the remainder of Oceania is more

varied and recent. Australia is the driest continent with a mean

annual precipitation of 200 to 300 mm over much of the country,

with totals rising to 1,200 mm and more along the eastern fringe

and to 1,000 mm in the south-west corner. By way of contrast,

many of the islands have much higher rainfalls: for example along

the west coast of New Zealand’s South Island 5,000 mm a year is

recorded. Evaporation rates are high over Australia and over the rest

of the region. The rivers of Oceania are short and fast-flowing and

produce an average annual runoff of about 2,000 km3. The average

runoff from Australia is only some 350 km3 a year: except for the

Murray Darling, most of the rivers are short and drain the eastern

coast. There are considerable quantities of groundwater, but there

are problems of salinity, some induced by irrigation. There are

relatively few lakes in Australia and many of them are ephemeral.

Conclusions

The natural water cycle is spatially and temporally complex. Humans

require a stable water supply and have developed water engineering

strategies dating back several thousands of years. Anthropogenic

control of continental runoff is now global in scope. Increasingly,

humans are a significant actor in the global hydrological cycle, defining

the nature of both the physics and chemistry of hydrosystems. Runoff

distortion through water engineering and land management will

complicate our ability to identify climate change impacts on water

systems and, hence, seriously affect water supplies. Pressure on inland

water systems is likely to increase, together with population growth,

economic development and potential climate change. Critical

challenges lie ahead in coping with progressive water shortages, water

pollution and our slow movement forward in providing universal

supplies of clean water and sanitation. The situation is paradoxical:

although we have succeeded in meeting certain challenges, the

solutions have, in most cases, also created new problems.

Significant progress has been made in establishing the nature

of water in its interaction with the biotic and abiotic environment.

Eco-hydrology, dealing with ecologically sound water management

and the functioning of ecosystems, is rapidly becoming a very active

discipline. The results gained from understanding the basic

hydrological processes have played a considerable part to date in

the successful harnessing of water resources to the needs of

humankind, reducing risks from extremes and so on. Our modelling

capability has significantly improved with the rapid advances in

computing and GIS technologies. As a result, estimates of climate

change impacts on water resources are improving.

However, there are still many uncontrolled or unknown

elements that hinder understanding, such as the following.

■ Variability in space and time:

● On the surface and on large spatial scales, there are huge

contrasts between the very dry deserts and the rain forests;

on smaller spatial scales, contrasts exist between one side of

a mountain range and the other, e.g. the south and north

flanks of the Himalayan mountains. There is variability too in

the availability of groundwater, some areas having ready

access to plentiful supplies, other areas being almost devoid

of easily accessible and renewable groundwater resources.

● On time scales from hours to decades, there is often high

variability, from high-intensity precipitation events of short

duration, through marked differences between seasons in

precipitation to interannual and interdecadal variation. The

evidence is that all these types of variability are becoming

more intense as climate changes.

■ Lack of adequate database and data collection in various parts of

the world is now well established since Agenda 21. In spite of

progress in some national water data infrastructure, our ability to

describe status and trends of global water resources is declining.

We still do not know the behaviour of some of the hydrological

parameters in the humid tropics, highlands and flatlands, so the

need for research and capacity-building is both relevant and

important.
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Some Useful Web Sites3

Global Precipitation Climatology Centre (GPCC)
http://www.dwd.de/research/gpcc/

Global precipitation analyses for investigation of the earth’s climate.

United Nations Educational, Scientific and Cultural Organization (UNESCO): International Hydrological Programme (IHP) 
http://www.unesco.org/water/ihp/

UNESCO intergovernmental scientific programme in water resources.

United Nations Environment Programme (UNEP): Freshwater Portal
http://freshwater.unep.net

Information on key issues of the water situation.

United Nations Environment Programme (UNEP): Global Environment Monitoring System (GEMS/WATER)
http://www.cciw.ca/gems/gems-e.html

A multifaceted water science programme oriented towards understanding freshwater quality issues throughout the world. Major activities

include monitoring, assessment and capacity-building.

3. These sites were last accessed on 19 December 2002.
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http://www.bafg.de/grdc.htm

Collection and dissemination of river discharge data on a global scale.

World Meteorological Organization (WMO): Hydrology and Water resources Programme
http://www.wmo.ch/web/homs/

Collection and analysis of hydrological data as a basis for assessing and managing freshwater resources.

World Meteorological Organization (WMO): World Climate research Programme (WCRP) 
http://www.wmo.ch/web/wcrp/wcrp-home.html

Studies of the global atmosphere, oceans, sea and land ice, and the land surface which together constitute the earth’s physical climate system.

World Meteorological Organization (WMO): World Hydrological Observing System (WHYCOS)
http://www.wmo.ch/web/homs/projects/whycos.html

Global network of national hydrological observatories.

World Water Assessment Programme / United Nations Educational, Scientific and Cultural Organization 
(WWAP/UNESCO): Water Portal 

http://www.unesco.org/water/

A new initiative for accessing and sharing water data and information from all over the world.
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