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Niger River, Mopti, Mali.
Part of the Niger River’s internal delta, near Mopti, Mali; satellite image 
from the EU Copernicus Programme’s Sentinel-2A satellite, acquired 29 
November 2019. Open water appears dark blue and black in the image, 
vegetation green, bare earth in the brown tones, and towns and roads are 
grey. The image is 100 km North-South (top to bottom).
Source: Alan Belward using Sentinel-2 imagery, courtesy EU Copernicus Programme.
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It is impossible to overstate the importance of water in our daily lives – for proof, try going 

without it for any length of time. Surface waterbodies (lakes, ponds, rivers, creeks, estuaries… 

it doesn't matter what name they go under) are particularly important because they come into 

direct contact with us and our biophysical environment. But our knowledge concerning where 

and when waterbodies might be found was, until recently, surprisingly sparse. The paucity of 

information was due to the fact that trying to map a moving target is actually very difficult – and 

waterbodies undeniably move, in both geographical space and time. By 2013, the U.S. Geological 

Survey and NASA were making petabyte-scale archives of satellite imagery freely available, 

archives that covered the entire planet's surface and stretched back decades. Others, such as 

the European Commission/European Space Agency Copernicus Programme, were also putting full 

free and open data access policies into place, and Google's Earth Engine had become a mature, 

powerful cloud-based platform for processing very large geospatial datasets. 

Back in 2013, a small team working at the European Commission's Joint Research Centre 

were looking at ways satellite imagery could be used to capture surface waterbody dynamics, and 

create new maps that accurately incorporated time dimensions. Concurrently, the Google Earth 

Engine team were focussing their massive computational capabilities on major issues facing 

humanity, such as deforestation, food security, climate change - and water management. The 

two teams came together in a partnership based not on financial transactions but on a mutual 

exchange of complementary capabilities, and devoted thousands of person hours and thousands 

of CPU years into turning petabytes of Landsat satellite imagery into unique, validated surface 

water maps, first published in 2016, and made available to everyone through a dedicated web 

portal, the Global Surface Water Explorer (https://global-surface-water.appspot.com/). Since 

then, satellites have continued to image the Earth, surface water has continued to change and 

the JRC/Google Earth Engine partnership has continued to work on improving our knowledge of 

surface water dynamics and making sure this knowledge benefits as many people as possible. 

This Atlas is part of the outreach; it is not a guide to the Global Surface Water Explorer, it is 

not a Google Earth Engine tutorial (though if it inspires you to visit either of these resources then 

it has achieved one of its objectives), but it is a stand-alone window on how people and nature 

affect, and are affected by, the 4.46 million km2 of the Earth's landmass that have been under 

water at some time over the past 35 years.

Alan Belward
Lead Author
European Commission, Joint Research Centre, Ispra, Italy

Foreword

https://global-surface-water.appspot.com/  
 
This QR code points to the full online version of the Atlas, 
where the most updated content may be freely accessed.
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Part 1 - 
Why is  
surface water 
important?

The world's most precious resource
Why water? No water, no life. Water is the engine behind the 
distribution and movement of the Earth’s plant and animal life. 
The presence or absence of water affects energy, gas and water 
vapour exchange with the atmosphere, and thus climate. Without 
water, hydroelectricity and thermoelectricity generation isn’t 
possible, nor can we grow crops and raise animals. It underpins 
industrial processes and manufacturing, forms part of our 
transport network, influences the spread of disease, toxins, and 
pollutants, can cause loss of life and damage. Surface water 
has immense cultural and spiritual value, and profoundly affects 
human security and well-being.

Betsiboka River Delta, Madagascar, satellite image from the EU Copernicus Programme’s Sentinel-2A 
satellite, acquired 29 November 2019. Open water appears dark blue and black in the image, the lighter 
blue tones indicate higher sediment loads, vegetation appears green and bare earth appears in the 
brown tones. The image is 83 km North-South (top to bottom).
Source: Alan Belward using Sentinel-2 imagery, courtesy EU Copernicus Programme.
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Water exists as a gas (water vapour), a solid (hail, ice 
crystals, ice and snow) and liquid (rain, rivers, lakes, wetlands, 
oceans, groundwater and in the biosphere - around 60 % of an 
adult human’s body weight is water). The water in all three states 
forms the Earth’s hydrosphere. 

Water in the hydrosphere is in constant motion, passing from 
liquid to solid or gaseous states and back again through the 
hydrological cycle. Our hydrosphere contains about 1 386 million 
cubic kilometres of water1 (it would take almost 1 000 Empire 
State Buildings to fill one cubic km). A hydrosphere this massive 
is one reason the Earth is referred to as the ‘Blue Planet’.

Most of the hydrosphere (97.5 %) is saline water, nearly all 
of which is found in the seas and oceans that cover over 70 % of 
the planet’s surface. (Less than 0.1 % of the world’s saline water 
sits in lakes on the Earth's surface, and less than 1 % is found in 
groundwater.) Only 2.5 % of the hydrosphere is fresh water, of 
which a tiny fraction (0.3 %) is found on the Earth’s surface, stored 
in lakes, wetlands and rivers. But this tiny fraction is immensely 
important; the location and persistence of surface water affects 
our planet’s climate2,3, its biological diversity4 and human 
well-being5,6, and climate and human activity in 
turn affect the location and persistence of 
surface water7. 

Between lakes, wetlands 
and rivers, lakes hold the 
most water; 87 % of 
the total from all three 
are in the world’s lakes, 
compared with 11 % in 
wetlands and just 2 % 
in rivers8.

Surface waterbodies fill from precipitation falling directly 
on them, from water seeping in from underground and from 
water flowing into them over the surrounding land (this is called 
overland flow or runoff, and the land sloping into a waterbody 
is called the catchment area). Groundwater occurs when water 
seeps below the land surface and moves in the spaces between 
soil and rock particles. When the rock/soil is permeable enough, 
all the air spaces can fill with water. This saturated zone is called 
an aquifer. Water will continue to flow to lower-lying spaces and 
may eventually be discharged onto the land surface via a spring, 
seep into a river or lake, and even be abstracted by pumps and 
wells. Surface water and groundwater can be fresh or saline. 
Figure 1-2 shows that over 23 times as much fresh water is held 
in the ground than sits on the surface, and over 13 times as much 
saline water is held in the ground than in saltwater lakes.

Distribution of the Earth's water

The Earth's hydrosphere contains 1 386 000 000 km3 of water.

It would take almost 1 000 Empire State Buildings 
to fill one cubic km.

Figure 1-1: Imagining a cubic kilometre of water.
The geographic space a cubic kilometre of water would occupy 
if it were sitting on Manhattan Island (New York City), USA.
Source: Lovell Johns Ltd.

Earth – the planet’s surface is mostly water. 
Tropical cyclones forming over the Pacific Ocean on 2 September 2015. 
Image from the US Geostationary Operational Environmental Satellite 15 
(GOES 15) (courtesy NASA/NOAA GOES project science team). The Earth’s 
enormous hydrosphere gives rise to its ‘Blue Planet’ nickname.
Source: Jesse Allen using GOES 15 imagery, courtesy NASA/NOAA GOES Project Science team.
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Lakes and seas are fed directly by rivers, as well as through 
precipitation, runoff and underground seepage. Smaller rivers 
can flow into larger rivers; the smaller river is called a tributary. 
Rivers can divide and not rejoin, in which case the smaller splitting 
river is called a distributary. Distributaries are less common than 
tributaries and usually occur in river deltas. Lakes can be open or 
closed. In an open system, water flows out of the lake through 
a river. Where there is no outlet, the lake is described as closed, 
or endorheic. In these cases, lake levels depend on the balance 
between the amount of water entering and loss from evaporation 
and seepage. Lakes, rivers and wetlands may fill and flow all year 
round or may only exist on the surface for a few months of the 
year, and perhaps not every year.

lake: n
body of water, enclosed by land, sitting in a depression 
on the land surface. Other common names include pond, 
pool, mere, reservoir, tank, tarn, loch or lagoon.

river: n
body of water flowing in a channel into the sea or to/from 
a lake or another river. Other names for rivers include 
streams, brooks, becks, burns and creeks.

wetlands: n
where land is saturated with water. They may contain 
standing water all year, every year, or may be dry for months, 
even years at a time. They may even have saturated soils and 
no standing water. Wetlands include swamps, mangroves, 
marshes, estuaries, bogs, mudflats, fens and peatlands 
– fish ponds, rice paddies and shallow reservoirs too are 
sometimes classified as wetlands.

 

Less than 1 in 1 000 litres of the Earth’s water sits in 
surface waterbodies, but it affects our planet’s climate, 
its biodiversity, our daily lives – and we affect it.

Figure 1-2: The distribution of water in the Earth's hydrosphere.
97.5 % of the Earth’s water is saline, most of which sits in the seas and oceans; only 2.5 % is fresh water, of 
which just 0.3 % sits in lakes, rivers and wetlands. Salt- and fresh water mix naturally as rivers flow into seas and 
saline lakes, forming the brackish waters of estuaries. Saline lakes occur on every continent (including Antarctica) 
and are most common in semi-arid regions (where evaporation rates are high), including the high elevation lakes 
on the Himalayan Plateau. Saline and fresh water waterbodies share many attributes (after all, they are both 
principally the same chemical compound [H20] and provide many of the same functions, such as transport), but 
they generally support different biological communities – though there are exceptions, such as the well-known 
migrations of salmon, spawned in fresh water and spending much of their adult lives in sea water. 
Source: Based on Igor Shiklomanov's Chapter 2 in Water in crisis: a guide to the world's fresh water resources, edited by Peter H. Gleick (Oxford University 
Press) 1993. Redrawn by Lovell Johns Ltd.

Definitions.
This Atlas follows the definitions for lakes, 
rivers and wetlands as set out here.
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Surface water and climate

Climates are determined by the weather conditions 
prevailing over a long period of time. The World Meteorological 
Organization uses 30-year averages of weather variables such as 
temperature and precipitation to establish what are referred to 
as ‘climate normals’9. These provide a basis for characterising a 
region’s climate and a reference point from which change can be 
measured. Weather systems are largely driven by the movement 
of water, energy and gas between the Earth’s atmosphere, 
land and oceans10, and this in large part depends on land and 
ocean properties. This variation is typically captured in climate 
and numerical weather prediction models through descriptions 
of ‘land surface processes’11. These are factors such as energy 
fluxes, gas, water and aerosol exchange, roughness and 
momentum. Inland waterbodies and coastal areas are purposely 
represented in such models because the surface processes of 
open water are different to those of vegetated areas, snow and 
ice or bare ground12,13,14. The models need to know exactly where 
unchanging open surface water will be found, or where (and 
when) water occurs seasonally or inter-annually15. Surface water 
occurrence can also be an indicator of changes in the climate 
system16. For example, disappearing arctic lakes have been 
linked to permafrost melting, which results in faster drainage of 
the lake into the underlying ground17. Climatic fluctuations are 
also thought to have contributed to the disappearance of lakes by 
accelerating the drying out of lakes in arid areas18. In other parts 
of the world, it is lake expansion, rather than disappearance, 
that has been connected with climate change; most lakes on the 
Tibetan plateau are growing in size due to accelerated glacier 
melting19. Because of its importance in the climate system, the 
UN-sponsored Global Climate Observing System has identified 
lake area as one of its Essential Climate Variables20.

The location and persistence of surface water 
affects, and is affected by, the Earth’s climate.

The global water cycle
The mass of water on the Earth remains fairly constant over time, 
but its partitioning into the major reservoirs of ice, fresh water, 
saline water and atmospheric water varies depending on a wide 
range of climatic variables. The water moves from one reservoir to 
another, such as from a river to the ocean, or from the ocean to the 
atmosphere, by the physical processes of evaporation, condensation, 
precipitation, infiltration, surface runoff and subsurface flow. 
Source: WAD3-JRC, 2018.

Tidal Basin, Washington, D.C., USA.
Clouds forming over the Tidal Basin, a partially man-made reservoir 
between the Potomac River and the Washington Channel in Washington, D.C.
Source: Alan Belward.

Cloud streets over Lake Superior, North America.
Long rows of white clouds called 'cloud streets' occur when frigid, dry air 
blows across a warmer lake, where it picks up water vapour. This water 
vapour freezes into ice crystals, and clouds form in the shape of the wind as 
it blows over the water. The same process can also cause snow or rain when 
the cold, moist air blows ashore on the lee side of the lake. Signs of lake 
effect snow can be seen here along the southern shore of Lake Superior.
Source: MODIS Rapid Response team using MODIS Terra imagery, courtesy NASA.
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Nothing lives without water, though life has evolved in 
such a way that its dependence on water is incredibly variable. 
Anhydrobiotic organisms21 can survive in an almost completely 
desiccated state for extended periods22, aquatic species live 
entirely in water23 and amphibious species can move between 
terrestrial and aquatic environments24. Natural lakes and free-
flowing rivers provide some of the world’s most species-rich 
ecosystems25, but all too often rivers are not free flowing, and 
lakes are not natural. Rivers and lakes can (and do) appear, 
disappear, expand, contract and change course naturally, but flow 
regimes can be constrained by dykes, levees and embankments, 
rivers are often cut by dams and weirs, floodplains are sealed 
over with concrete or asphalt and entire rivers can be encased in 
pipes and tunnels. Moreover, lakes might be artificially drained, 
or indeed artificially created. Whether the transition from an 
aquatic to terrestrial environment (or vice versa) is natural or 
anthropogenic, it has a profound impact on biodiversity26. Except 
for amphibious organisms, life in and on the land or in, on and 
around waterbodies isn’t interchangeable. The movement, viable 
range, population and diversity of species change whenever lakes 
disappear, rivers move, coastlines expand or retreat, or when new 
lakes and rivers form and land drowns27,28.

If the flow of water at a given location changes, the physical 
characteristics of that aquatic habitat (and thus what lives there) 
is also altered29. The lateral and longitudinal connectivity within 
and between waterbodies can be disrupted, again affecting 
species viability (lateral movement is where a waterbody can 
swell and shrink within and beyond its natural banks; longitudinal 
movement describes connectivity between headwaters and deltas 
for rivers or inlets and outlets for lakes). Even vertical connectivity 
can be broken between a waterbody and the atmosphere or the 
land below it. Seasonal variations in flow regimes can be changed 
too if artificial reservoirs hold back water. Thus, mapping surface 
water habitats is among the Essential Biodiversity Variables 
proposed as a means of informing science, policy and the public 
about the state of our planet’s biodiversity30,31.

Surface water and biodiversity

Changes in the location and persistence of surface 
water cause profound changes to biodiversity.

Natural lakes and free-flowing rivers provide some 
of the world’s most species-rich ecosystems25.

Organisms that live in or on the land can’t 
usually live in or on water, and vice versa.

Once water, now land.
Relicts of the Aral Sea’s once-thriving fishing industry. In 
1961, the industry harvested around 34 500 tonnes of 
fish (around 7 % of the Soviet Union’s entire fish stock); 
by 1984 the industry harvested nothing32 . 
Source: Arian Zwegers, Flickr.com

Once land, now water.
The transition from an aquatic to terrestrial environment 
(or vice versa), whether natural or anthropogenic, has a 
profound impact on the biodiversity of a location.
Source: May on Unsplash.
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A ‘rule of three’ has been used to set boundaries for human 
survival, which states we can live for three minutes without air, 
three days without water and three weeks without food. The ‘rule’ 
is of course a generalisation and will vary enormously depending 
on the individual and circumstances – how much water is needed 
every three days certainly isn’t specified. The ‘rule’ basically deals 
with biological functioning, yet humans also consume water for 
hygiene, to grow food, for commerce and industry, to produce 
energy, for transport and for social development. When all uses 
are taken into account the amount needed per person, per day is 
hugely variable, and exact numbers are hard to come by. Anything 
from as little as 20 to over 4 600 litres per person per day has 
been reported33 (and the FAO even go as high as 5 000 litres/
day34). But whatever the number, the rule is in essence correct 
- humans need regular access to water to live. In fact, access to 
water was explicitly recognised as a fundamental human right 
by the United Nations General Assembly on 28 July 201035. A 
second truth is that water use worldwide has increased by around 
1 % every year since the 1980s36 because of population growth 
and socio-economic development. Surface water occupies a key 
place in terms of human use because it is pretty much instantly 
accessible. There is no need to dig a well where surface water is 
concerned, and if the source is close enough to its user, no need 
for pumps or pipework either. Thus, small communities can be 
served by direct abstraction from lakes and rivers. Even large 
communities depend on surface water. 

Around 78 % of the world’s large cities (urban areas with 
more than 750 000 people) get their water from surface 
sources, though rather than direct abstraction, many of these 
cities collectively move billions of litres of water thousands of 
kilometres every day38. Reliance on surface water does come with 
risks – in part health-related (discussed below), in part matching 
supply and demand, when prolonged periods of dry weather 
rapidly increase demands and reduce supplies. Dry periods 
accelerate evaporative loss from reservoir and river surfaces, 
reduce recharge from precipitation and deplete the reserves 
held in surrounding hydraulically connected groundwater. Urban 
population growth and increasing demand from surrounding 
regions for agriculture, industry, energy production and other 
uses are putting increasing pressure on surface water resources, 
and a number of cities around the world have seen supplies fail 
alarmingly in recent years39.

Surface water for domestic use 

The demand for accessible surface water 
supplies increases every day.

Surface waterbodies supply most of the world's 
large cities with essential daily water.

Theewaterskloof Dam, Cape Town, South Africa. 
Theewaterskloof Dam was near operational capacity in April 2014 before a three-year drought began. 
By 3 March 2018, water levels were dangerously low and supplies to the city of Cape Town were 
seriously threatened. Day Zero (12 April 2018) was the day the city was forecast to run out of water. 
Strict reductions in water allocations for agriculture and conservation efforts by the people of Cape Town 
averted disaster, and by 13 October 2018 the Dam, whilst not full, was once more operational. The threat 
to the city of a repeat performance remains very real, especially if demand continues to increase, whilst 
climate change reduces supply. All images 16 km North-South (top to bottom).
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.

Clean and reliable water supply. 
Access to water is a fundamental human right, but by 2025,  
half the world’s population will be living in water-stressed areas37.
Source: Imani on Unsplash.
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For the majority of the Earth’s 7.5 billion humans, life-
sustaining water comes from surface water (around 2.5 billion 
people rely exclusively on ground water40).  As a supply and 
storage system, surface waterbodies present health risks41 
precisely because they are on the surface; they are open to the 
elements, interact directly with the surrounding environment, and 
living organisms can get on and into the water, not just exist beside 
it. They can be homes to toxic cyanobacterial blooms; they can 
contain pathogens (enteric and other) from human contamination 
as well as wildlife excreta and zoonotic disease; polluted water, 
can easily enter the supply either directly or through cross 
contamination from wastewater and storm drains. River and lake 
catchment areas can collect pesticides and nutrient runoff from 
agriculture, or excreta, feed, and disease-control chemicals from 
aquaculture, as well as the extractive chemicals and pollutants 
from mining; even fuel, engine emissions, de-icing chemicals 
and waste from passengers can be picked up from ship/road/rail/
air traffic. Nature also directly plays a part, with the underlying 
waterbody geochemistry adding substances such as iron or 
fluorides, and atmospheric deposition adding anything from 
wind-blown soil particles to volcanic ash, whilst the surface water 
can provide a home and transport network for disease vectors – 
malaria vector populations, for example, are usually increased by 
paddy rice cultivation or in lakes, pools and slow-flowing rivers42. 
Catchment-specific management plans can be drawn up to help 
mitigate the threats. Such plans include risk assessments in 
which the surrounding environment and catchment dynamics are 
described, along with characteristics of the surface waterbodies 
such as stream flow dimensions and floodplain dynamics, as well 
as seasonal flow patterns and connectivity. Many of our planet’s 
citizens do benefit from clean water supplies and purification 
facilities, but three out of ten people in the world still have no 
access to safe drinking water43.

Surface water and health

Most of the people, most of the time, 
get their water from lakes and rivers, 
yet this water can threaten their health.

For the majority of the Earth’s 7.5 billion humans, 
life-sustaining water comes from surface water.

Three out of ten people in the world still 
have no access to safe drinking water 42.

Surface water as drinking water. 
Surface water may be immediately accessible, but unless it passes through some 
intermediate infrastructure or process, it is not treated. When the water source is pristine, 
this may not present problems. But surface water is all too often not pristine, and brings 
with it considerable health risks to anyone drinking it.
Source: MD Duran on Unsplash.

Algal bloom on Lake Erie, North America, October 2011.
Record torrential spring rains led to the worst algae bloom that Lake 
Erie had experienced in decades. Rains washed fertilisers into the lake, 
promoting the growth of microcystin-producing cyanobacteria blooms. 
Image is 98 km North-South (top to bottom).
Source: Jesse Allen and Robert Simmon using Landsat imagery, courtesy USGS/NASA  
https://commons.wikimedia.org/w/index.php?curid=16981673.

Polluted inner-city water in Bình Thanh, 
Ho Chi Minh City, Vietnam.
Source: Photo by Anh Vy on Unsplash.
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Water resource managers need to take into account two 
processes, firstly, water withdrawal (which describes the amount 
of water taken from a given source) and secondly, water 
consumption (which is the quantity of the withdrawn water that is 
completely used because it is biologically consumed, evaporated 
or transpired, or permanently incorporated into something else). 
By either measure, agriculture is the biggest user of fresh water 
in the world. Numbers vary, but in most countries agriculture uses 
somewhere from 70 to over 85 % of available fresh water44,45. 
These numbers are set to grow. Agriculture provides around 
99 % of our calories46 with the rest coming directly from aquatic 
environments. Our growing population means that by 2050 we 
are going to have to produce 70 % more food than today47. This 
in turn will call for even more water, and for an ability to deal with 
climate extremes48. Pastoralists, for example, rely on surface water 
in many parts of the world for their animals’ survival. Nomadic 
pastoralists track both grazing land and water resources when 
herding their livestock. The recurrence of seasonal waterbodies 
is particularly important to such agricultural production systems. 
Knowing that a particular location will provide water at a particular 
time of year is incredibly valuable knowledge49. 

Agriculture and aquaculture don’t just consume water, they 
also shape the occurrence of water on our planet’s surface. 
Rice paddies, flooded as part of the crop’s growth cycle, and 
fishponds50produce temporary wetlands that recur year after year. 
The infrastructure needed for crop irrigation has led to intricate 
networks of canals and reservoirs across our planet. Some, like 
the cross-slope earthen dams used to harvest rainwater for 
irrigation in Southern India, or the rice terraces in China’s Yunnan 
Province, create unique waterscapes. Agriculture and aquaculture 
also affect the quality of surface water. Humans have always 
farmed aquatic organisms (including oysters, shrimp as well as 
fish for food and to supplement fish stocks for sport fishing). 
Aquaculture can take place in coastal impoundments as well as 
inland ponds. The concentration of organisms in a confined area 
plus the intensive use of feed and disease-control chemicals can 
lead to harmful effects on the local aquatic environment, such as 
excess nutrient levels, eutrophication and organic pollution. This 
may be confined to the immediate environs of the aquaculture 
site, or can transfer to the wider surface water system51. 
Agriculture is not just the biggest user of freshwater, it is also a 
major disruptor of surface water systems. This disruption affects 
water quality through nutrients, pesticides and other forms of 
contamination through runoff, and also physical factors, such as 
drainage patterns, river channel dimensions and connectivity and 
the occurrence of surface storage in ponds and lakes52. 

Surface water and food

Agriculture and aquaculture feed us, but they are 
the biggest consumers of water today, and both will 
need to consume even more in the future.

Numbers vary, but in most countries agriculture uses 
somewhere from 70 to over 85 % of freshwater 43,44.

Crop sprinklers near Rio Vista, California, USA.
Irrigating a 50-hectare wheat field can use as much water in a day as 
40 000 people taking a shower.
Source: Sr. Photographer, Paul Hames / California Department of Water Resources [Public domain].

Irrigation of farmland in Punjab, India. 
Without water there would be no agiculture, anywhere.
Source: Ammarkh at English Wikipedia [Public domain].
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Capturing the movement of a flowing river to grind grain 
in watermills was among the earliest ways humans obtained 
energy from surface water53,54. Hydroelectricity generation is 
a direct descendant from this. Rather than the milling, rolling or 
hammering movements typical of watermills, the movement of 
water in a hydroelectric plant turns a turbine, which then turns 
an electrical generator. Micro-hydroelectric power generators can 
draw water directly from a river, and provide power to a single 
house or small community.

Larger-scale power generation uses the release of stored 
water, usually by damming a river. Global hydropower capacity 
in 2017 was 1 114 GW55 (just over 16 % of global electricity 
production), and whilst hydroelectric dam construction has abated 
in some parts of the world (USA and Europe for example56) it is 
expanding in China, Brazil, India, Turkey, Vietnam and parts of 
Africa. Ethiopia’s Grand Renaissance Dam is among the latest 
developments. Nearing completion, this will be Africa’s largest 
hydroelectric power plant, generating 6 000 MW of much needed 
electricity. The 155 m-high, 1.78 km-long dam across the Blue 
Nile (a few kilometres upstream from the Sudan border), and a 
50 m-high, 5.2 km-long saddle dam in a currently dry valley to 
the south of the river, will create an artificial lake holding over 
70 billion cubic metres of water covering over 1 800 km257. This 
is 1 800 km of land that is about to become water (see also page 
21). Around the world, many thousands of hydroelectric power 
plant dams have created artificial lakes. The five largest artificial 
reservoirs by area (not volume), all of which have hydroelectric 
power stations at their dammed outlets, have covered an area of 
land roughly the size of Belgium. 

In terms of water withdrawal however, hydroelectricity 
pales next to thermal electricity. Thermal power stations, 
which collectively provide well over three quarters of the world’s 
electricity, use steam generated by heating water to turn 
the turbines that drive the generators. They also use copious 
quantities of water to cool the infrastructure. This is why so many 
are sited next to lakes, rivers or the coast. Heated water cannot 
be returned directly to seas, lakes and rivers without harming the 
biosphere, so thermal power stations are sometimes accompanied 
by artificial lakes used for cooling before returning. In addition 
to hydro- and thermal power plants, newer technology makes 
direct use of cold water for cooling buildings in hot weather, heat 
pumps to recover heat directly from water, and tidal barrages 
for alternative electricity generation. Although solar, wind, 
geothermal and biomass power are growing, collectively they 
account for just over 6 % of all electricity produced in the world58, 
so for today at least, without surface water we would have next 
to no electricity.

Surface water and energy

Over 90 % of current global electricity production 
would cease without surface water.

Power cooling towers, Westfalen, Germany. 
Forced draft wet cooling towers (height: 34 m) and a natural draft wet 
cooling tower (height: 122 m). Thermal electric power generation requires 
huge quantities of water to condense steam from the turbine exhaust.
Source: Tim Reckmann [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)].

Hydroelectric power, Hoover Dam, Nevada, USA. 
Hoover Dam impounds Lake Mead, the largest reservoir in the United 
States by volume (when it is full). The dam's generators provide power 
for public and private utilities in Nevada, Arizona and California.
Source: https://en.wikipedia.org/w/index.php?curid=55898806 [CC0].

Lamma Power Station, Hong Kong, China. 
Thermal power stations use steam generated by heating water to turn the turbines 
that drive the generators. They also use copious quantities of water to cool the 
infrastructure, which is why so many are sited next to lakes, rivers or the coast.
Source: Photo by Ben Tatlow on Unsplash.

Surgut Power Station, Russia. 
Heated water cannot be returned directly to 
seas, lakes and rivers without harming the 
biosphere, so thermal power stations are 
sometimes accompanied by artificial lakes 
used for cooling before returning.
Source: dedmaxopka@gmail.com
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The water industry across the globe aims to deliver clean 
water, and treat wastewater. The positive cost-benefits of 
this industry to humans in terms of time gained, increased 
productivity and better health are universal – they apply to all 
world regions and all societies59. Unfortunately, not all in the world 
benefit from an efficient water industry, and this shortcoming 
is among the drivers behind the United Nations Agenda 2030’s 
Sustainable Development Goal (SDG) 6 to ‘ensure availability 
and sustainable management of water and sanitation for all’60. 
The central position of water for the achievement of all other 
SDGs is increasingly confirmed61, especially for poverty reduction 
and ending hunger, and this central position is also keenly felt by 
commerce and industry. 

Commercial (or service) activities, such as schools, hospitals, 
banks, shops and restaurants, use water on scales roughly 
equivalent to domestic use (it is by and large the people involved 
in the service delivery that use the water).

Industrial activities operate on a much bigger scale. 
Worldwide, industry consumes 19 % of water supplies, though 
in industrially developed regions this can be even higher. For 
example, water withdrawal for industrial use in Europe represents 
54 % of the total, compared to 4 % for Africa62. Unlike agriculture 
though, industry usually returns its water to the environment, 
albeit often polluted. Water is directly incorporated into products 
such as paper, but more widely it is used to cool machinery, 
to wash and clean, to dilute and transport. In fact, it is almost 
impossible to imagine any commercial or industrial activity that 
does not require access to water. This access goes both ways; just 
as commerce and industry take water out of the supply chain, 
they also put it back - sometimes with devastating consequences. 
Mineral and chemical pollutants and biological contaminants (for 
example from washing carcasses in meat processing facilities) 
find their way into the wastewater from industrial complexes, 
and this wastewater can find its way into surface water bodies 
through overland flow or direct discharge63.

Surface water for commerce and industry

Commerce and manufacturing 
without water are unimaginable.

Worldwide, industry consumes 19 % of water 
supplies, and in industrially developed regions 
the figure can be much higher.

Surface water pollution in harbours. 
The commerce and industry sector sometimes puts water 
back into the system in a worse condition than when it 
was extracted. In Boston Harbour, measures are taken to 
constrain surface pollution by employing booms.
Source: Alan Belward.

Papermaking.
Papermaking has been part of human civilisation since 
around 105 CE64. Depending on the production process, 
producing one A4 sheet of printing/writing paper uses 
between 2 and 13 litres of water65.
Source: Sammutawe / CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0).

Stills used for whiskey production in Ireland. 
Fresh water is used at various stages of alcohol production, including yeast 
fermentation, distillation, dilution, bottling and effluent treatment66.
Source: Alan Belward.
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Natural harbours and rivers provide socio-economic 
advantages to any region67. Development is strongly favoured 
in regions of the world that enjoy good links between coasts 
and ocean-navigable waterways, and hampered in regions that 
don't68. For example, most of Africa’s people live at least 100 km 
away from navigable rivers and harbours, which has not helped 
the continent to build either inter- or intra-continental trade69. 
Water is such a fundamental part of our transport network that 
artificial harbour construction has occurred throughout human 
history. Furthermore, on which navigable rivers are lacking, and if 
physical geography and economics allow, humans build artificial 
rivers, which we call canals. Lechaion harbour in Corinth (Greece), 
built around 600 - 500 BCE70, is one of the oldest artificial 
harbours, and China’s Grand Canal, where construction began in 
486 BCE, is not just the world’s oldest canal it is also, at over 
1 700 km, still the world’s longest. Building waterways have been 
among the costliest projects humans have ever undertaken, both 
financially and in terms of loss of human life71. But, they have 
changed society fundamentally – world trade without the Panama 
and Suez canals would be very different (the Panama Canal 
is so important for international trade and shipping that many 
ships are built to the maximum size allowed through the canal’s 
locks72), and a world without canal cities such as Venice, Bangkok, 
St Petersburg, Amsterdam or Cape Coral would undoubtedly be 
culturally poorer.

Surface water and transport

Commerce and manufacturing 
without water are unimaginable.

Waterways have been used to transport people 
and goods throughout human history.

Suez Canal, Egypt. 
Northbound convoy waits in the Great Bitter Lake as 
southbound convoy passes, October 2014.
Source: Gregor Rom [CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0)].

Paris, France. 
Transporting scrap metal through the centre of Paris, France. 
Source: Alan Belward.

Bangkok, Thailand. 
Many of Bangkok’s canals (khlongs) were drained or filled because of the 
risk of cholera they posed, or to make way for roads. Little or no trade 
passes along those that remain, although they are still visited by tourists to 
see the traditional way of life in a modern city.
Source: Evan Krause on Unsplash.
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Typing the word ‘water’ into the UNESCO World Heritage 
Sites List73 identifies 289 cultural, 149 natural and 24 mixed 
sites distributed across all continents (except Antarctica). The 
list includes culturally valuable landscapes (such as China’s West 
Lake Hangzou), cities famed for their water (such as Venice, 
Amsterdam, Stockholm, Bangkok, Tigre and St Petersburg), the 
exceptional wetland biodiversity of the Sundarbans, and sites 
documenting pivotal moments in human history (such as Valongo 
Wharf in Rio di Janeiro). Surface waters have been places of 
pilgrimage across geography and time74, sacred rivers and 
lakes75 are crucial for many societies today, and artificial water 
features enrich architecture and national identity76. Whilst the 
value placed on heritage, culture and religious significance may 
be subjective (though no less real), surface water has explicit 
quantifiable value in terms of recreation and leisure activities – 
tourists bring money into an area77 and views of water command 
a clear price premium for residential property - people pay more 
for a home with a view of water than one without78.

Surface water and society

The aesthetic, cultural, 
historical, architectural and 
recreational value of surface 
water is immense, irreplicable 
and irreplaceable. Ganga Dussehra Festival, the most ancient river festival 

in existence, is a Hindu festival celebrating the avatarana 
(descent) of the Holy Ganga (Ganges) from the celestial 
regions to the Earth. Taking a dip in the river on the holy 
10th day of the festival is believed to bring the devotee to 
a state of purification and also heal any physical ailments 
they may have.
Source: Barry Silver from Tokyo [CC BY (https://creativecommons.org/licenses/by/2.0)]

The Blue Lagoon, Iceland, is a man-made lagoon fed by 
the water output of the nearby geothermal power plant. 
Superheated water is vented from the ground near a lava 
flow and used to run turbines that generate electricity. After 
going through the turbines, the steam and hot water passes 
through a heat exchanger to provide heat for a municipal 
water heating system. The water is then fed into the lagoon 
for recreational and medicinal uses by bathers.
Source: Jeff Sheldon on Unsplash.

The Sundarbans, Bangladesh, appears deep green, surrounded 
to the north by a landscape of agricultural lands, which appear 
lighter green, towns, which appear tan, and streams, which are 
blue. Ponds for shrimp aquaculture, especially in Bangladesh, 
sit right at the edge of the protected area, a potential problem 
for the water quality and biodiversity of the area.
Source: Jesse Allen using Landsat 7 imagery, courtesy USGS/NASA.

Studley Royal Water Garden, UK.
The water garden at Studley Royal Park (a 
designated World Heritage Site in North 
Yorkshire, England) was created by John Aislabie 
in 1718. It comprises man-made ornamental 
lakes, canals and cascades to create a series of 
beautiful vistas for the visitor.
Source: Iain Gilmour - www.silverexpressions.co.uk [CC BY (https://
creativecommons.org/licenses/by/2.0)]
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Flooding has killed people across every continent, and many 
disastrous floods will occur every year79. Floods are usually caused 
by severe winds, high tides and tsunamis, failures in drainage 
systems, flash flooding when the land becomes saturated and 
all falling water flows overland, causing rapid expansion of lakes, 
rivers and wetlands or rising seas. River floods in Asia are among 
the deadliest natural floods as measured by the number of people 
killed and affected80. Extreme weather events are generally the 
driver, though the failure of surface water infrastructures, such 
as levees or dams, present enormous risks to human security81 

and have catastrophic impacts when they fail82. Knowing the 
location of coastlines and surface waterbodies and how they 
change over time is important information for flood control and 
disaster management83. Threats to human security also come 
from the competition for secure access to water. Ethical positions, 
values and people’s behaviour can cause divergent views on 
water management within a region or country84, and because 
water is so important, legal disputes over water rights and water 
withdrawal can occur at local85, regional86 and national levels. 

Disputes over water rights and water withdrawals can 
escalate and result in violent conflict. These situations can 
occur between different communities in close proximity, such 
as herders and farmers, sometimes with fatal consequences87. 
Disputes even extend beyond communities to entire nations. 
However, whilst political tensions arising from water resources 
undoubtedly exist between nation states, no one has yet gone to 
war over water – skirmishes yes, war no88. 

Lakes, rivers, wetlands and seas all cross international 
boundaries. Transboundary water management is currently 
assured through agreement. There are 263 transboundary lake 
and river basins in the world, which collectively cover nearly half 
of the planet’s land surface. Yet, in the past 50 years only 37 
violent disputes over water have occurred, compared to 150 
treaties established to encourage (if not fully guarantee) peaceful 
management89. 

Just as too much, or competition for access 
to, water threatens human security, so does too 
little. On a local scale, and at specific times, people 
undoubtedly have too little. A recent estimate is 
that at least four billion people experience severe 
shortages for at least one month per year90. Water 
is a renewable resource, but that doesn’t mean we will always 
have enough to meet every need91. Meeting all human needs 
outlined above, whilst sustaining the vital functions that surface 
water provides for climate and biodiversity, in the face of growing 
populations, expanding agriculture, aquaculture and economies, 
let alone a changing climate, requires new and integrated 
approaches to water management.

Surface water and security

Too much, too little, and competition for 
water all directly threaten our security.

Conflicts can occur between different communities, 
such as herders and farmers87.

Grand Ethiopian Renaissance Dam, Ethiopia.
The Nile River temporarily formed part of a new lake behind the Grand Renaissance Dam 
in Ethiopia, when the dam was temporarily closed for testing in 2017. The saddle dam 
visible in the left of the image gives some idea of the lake’s eventual size when it reaches 
full capacity. The water never reached this dam in 2017. At the time of writing, the dam 
is not closed and the Nile continues to flow uninterrupted into neighbouring Sudan and 
Egypt. True colour satellite image from the EU Copernicus Programme’s Sentinel-2A 
satellite, acquired 12 September 2017. Image is 37 km North-South (top to bottom).
Source: Alan Belward using Sentinel-2 imagery, courtesy EU Copernicus Programme.

Competition for surface water.
Different land uses, such as crop production or pastoralism, 
sometimes compete for finite land and surface water resources.
Source: Both images Andreas Brink, JRC.
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In 2015, the UN General Assembly set out an ambitious 
agenda, aiming at nothing less than a sustainable future for 
the whole world92. This wide-reaching plan is based around 17 
Sustainable Development Goals (SDGs) that address different 
social, economic and environmental aspects. Each goal has a 
number of targets (169 in total) for the year 2030. The goals 
and targets are not legally binding, but they universally apply 
to all countries. Individuals can take actions that support them 
too93. SDG6 focuses on ensuring the availability and sustainable 
management of water and sanitation for all. The connections 
between SDG6 targets and surface water are unmistakable, as 
shown by target 6.6: “By 2020, protect and restore water-related 
ecosystems, including mountains, forests, wetlands, rivers, 
aquifers and lakes”. But, because surface water affects so many 
dimensions of human existence, links can be made between 

water and all 17 of the SDGs. 
Links between SDG targets 

may not always be direct. 
Sometimes the relationship may 
be interdependent. For example, 
ensuring all people have equal 
access to basic services and 

natural resources (target 1.4) can’t be achieved without access 
to water and sanitation (targets 6.1, 6.2 and 6.3). However, 
there is also potential for conflict between targets. For example, 
doubling agricultural production (target 2.3) will inevitably 
increase demand for water, which may not be compatible with 
ensuring sustainable freshwater withdrawals (target 6.4). Other 
combinations may be mutually beneficial. For example, reducing 
the impact of alien species in water ecosystems (target 15.8) will 
contribute to protecting and restoring water-related ecosystems 
(target 6.6). Understanding linkages will help stakeholders 
maximise synergies, avoid gaps and counter conflicts when trying 
to reach the SDGs94. 

There are many ways of examining interlinkages. The table 
presented here provides one perspective on links with surface 
water. The 17 goals are listed, along with descriptions of 47 of 

the targets, against each of which comment is made concerning 
the potential links with surface water occurrence. This is not 
exhaustive, and is open to interpretation (which is encouraged), 
but nonetheless highlights how many of the SDG targets depend 
on and/or support a reliable, high-quality surface water supply.

The United Nations Environment Programme (UNEP) is the 
Custodian Agency for three of the water indicators within Goal 
6. In this role, UNEP is responsible for supporting UN member 
states with collecting and compiling SDG indicator data and 
reporting national progress towards the SDG6 targets. It is 
also responsible for developing international standards and 
methods for monitoring, and strengthening countries' capacity 
for such monitoring. The UN has developed a global indicator 
framework, which currently lists 244 indicators against which 
progress towards the targets can be measured95.  This list 
includes “Indicator 6.6.1 Change in the extent of water-related 
ecosystems over time”. UNEP provides free and open access to 
national, sub-national, basin and sub-basin aggregated data on 
water extent through a dedicated web service96, which uses the 
water detection methods and maps developed by the European 
Commission’s Joint Research Centre and Google Earth Engine 
presented in this Atlas.

Surface water and the UN Sustainable Development Goals

Goals and targets (from the 2030 Agenda for Sustainable Development) Comments

Goal 1. End poverty in all its forms everywhere

1.4 By 2030, ensure that all men and women, in particular the poor and the vulnerable, have equal rights to 
economic resources, as well as access to basic services, ownership and control over land and other forms of 
property, inheritance, natural resources, appropriate new technology and financial services, including microfinance

Access to water is a fundamental human right. Knowing where and when this natural resource occurs 
is a first step in securing fair and equal rights of access

1.5 By 2030, build the resilience of the poor and those in vulnerable situations and reduce their exposure and 
vulnerability to climate-related extreme events and other economic, social and environmental shocks and disasters

Too much or too little surface water at any given place and time can have catastrophic consequences 
for anyone, but the poorest are usually disproportionately hit, have fewer resources to deal with the 
shock and least resilience

Goal 2. End hunger, achieve food security and improved nutrition and promote sustainable agriculture

2.3 By 2030, double the agricultural productivity and incomes of small-scale food producers, in particular women, 
indigenous peoples, family farmers, pastoralists and fishers, including through secure and equal access to land, 
other productive resources and inputs, knowledge, financial services, markets and opportunities for value addition 
and non-farm employment

Are available surface water resources compatible with a doubling of agricultural productivity and will 
such doubling affect the sustainability and quality of these water resources? 

2.4 By 2030, ensure sustainable food production systems and implement resilient agricultural practices that 
increase productivity and production, that help maintain ecosystems, that strengthen capacity for adaptation to 
climate change, extreme weather, drought, flooding and other disasters and that progressively improve land and 
soil quality

Productive and sustainable agriculture is not possible without water. Are surface water resources 
changing as climate changes? Are these changes compatible with prevailing agricultural practices? 
Can local agriculture change in ways that enhance the sustainability of the surface water resource 
and mitigate against extremes (such as drought and flooding)?

Goal 3. Ensure healthy lives and promote well-being for all at all ages

3.3 By 2030, end the epidemics of AIDS, tuberculosis, malaria and neglected tropical diseases and combat hepatitis, 
water-borne diseases and other communicable diseases

Surface water persistence can be linked to attenuation, transport, connectivity and disruptions in 
terms of pollutants and disease. This knowledge can in turn help combat such health threats

3.9 By 2030, substantially reduce the number of deaths and illnesses from hazardous chemicals and air, water and 
soil pollution and contamination

Knowing when and where surface water occurs can help build catchment-specific management plans 
that address water-borne threats to health

3.d Strengthen the capacity of all countries, in particular developing countries, for early warning, risk reduction and 
management of national and global health risks

Knowledge concerning surface water occurrence, and its transfer to those who need this knowledge, 
are important steps in capacity building

Goal 4. Ensure inclusive and equitable quality education and promote lifelong learning opportunities for all

4.1 By 2030, ensure that all girls and boys complete free, equitable and quality primary and secondary education 
leading to relevant and effective learning outcomes

How much time do children devote to collecting domestic water? Does this leave them time for 
education? Are sanitary arrangements for both boys and girls compatible with educational equality?

Goal 5. Achieve gender equality and empower all women and girls

5.a Undertake reforms to give women equal rights to economic resources, as well as access to ownership and control over 
land and other forms of property, financial services, inheritance and natural resources, in accordance with national laws

Where (and when) are surface water resources located, and how does this relate to tenure and 
access?

5.b Enhance the use of enabling technology, in particular information and communications technology, to promote 
the empowerment of women

Can surface water occurrence information be distributed directly to individuals?

Goal 6. Ensure availability and sustainable management of water and sanitation for all

6.1 By 2030, achieve universal and equitable access to safe and affordable drinking water for all Where (and when) are surface water resources located, and how does this relate to population 
distribution, dwellings and farmland?

6.2 By 2030, achieve access to adequate and equitable sanitation and hygiene for all and end open defecation, 
paying special attention to the needs of women and girls and those in vulnerable situations

Do sanitation arrangements risk contaminating surface water supplies? Are surface water supplies 
adequately linked to sanitation?

6.3 By 2030, improve water quality by reducing pollution, eliminating dumping and minimising release of hazardous 
chemicals and materials, halving the proportion of untreated wastewater and substantially increasing recycling and 
safe reuse globally

Do lakes and rivers connect to potential sources of pollution? Once surface water is 'used', is it 
returned to the surface water system in a clean state?

6.4 By 2030, substantially increase water-use efficiency across all sectors and ensure sustainable withdrawals and 
supply of freshwater to address water scarcity and substantially reduce the number of people suffering from water 
scarcity

How much water is being used in a specific area? What are abstraction rates like when linked to 
source? Are surface water resources adequate to meet demands? Are demands causing surface 
resources to contract, for example?

6.5 By 2030, implement integrated water resources management at all levels, including through transboundary 
cooperation as appropriate

Where do surface water resources sit with respect to transboundary catchments? How do they connect? Do 
changes in one area (e.g. dam building or canal construction) influence resource occurrence elsewhere?

6.6 By 2020, protect and restore water-related ecosystems, including mountains, forests, wetlands, rivers, aquifers 
and lakes

What are the changes in the extent of water-related ecosystems over time? The Global Surface 
Water Explorer provides input for reporting on indicator 6.6.1: Change in the extent of water-related 
ecosystems over time

6.a By 2030, expand international cooperation and capacity-building support to developing countries in water- and 
sanitation-related activities and programmes, including water harvesting, desalination, water efficiency, wastewater 
treatment, recycling and reuse technologies

Does water harvesting in one area affect occurrence elsewhere?

6.b Support and strengthen the participation of local communities in improving water and sanitation management Provide local communities with baseline information on water resource occurrence

Goal 7. Ensure access to affordable, reliable, sustainable and modern energy for all

7.1 By 2030, ensure universal access to affordable, reliable and modern energy services Can the surface water consumption requirements of existing and/or expanded thermoelectric 
generation be adequately met? Is there untapped hydroelectric capacity? How does existing and/or 
an expanded thermoelectric/hydroelectric energy generation infrastructure affect the dynamics of 
connecting elements of the surface water system?

7.2 By 2030, increase substantially the share of renewable energy in the global energy mix What is the share of hydroelectric generation in the current mix?

Goal 8. Promote sustained, inclusive and sustainable economic growth, full and productive employment and decent work for all

8.4 Improve progressively, through 2030, global resource efficiency in consumption and production and endeavour 
to decouple economic growth from environmental degradation, in accordance with the 10-Year Framework of 
Programmes on Sustainable Consumption and Production, with developed countries taking the lead

Do trends in surface water occurrence over time equate with sustainable use?

Goal 9. Build resilient infrastructure, promote inclusive and sustainable industrialisation and foster innovation

9.1 Develop quality, reliable, sustainable and resilient infrastructure, including regional and transborder 
infrastructure, to support economic development and human well-being, with a focus on affordable and equitable 
access for all

Are there observable impacts of major infrastructure developments, such as canal, harbour and dam 
construction, on the immediate and surrounding surface water network? Does this affect navigability 
and connectivity? How does major infrastructure development, such as artificial islands, affect 
surrounding aquatic ecosystems?

Goal 10. Reduce inequality within and among countries

10.7 Facilitate orderly, safe, regular and responsible migration and mobility of people, including through the 
implementation of planned and well-managed migration policies

Do changes in surface water resource (either an increase or decrease) drive the displacement and/or 
migration of people?

Goal 11. Make cities and human settlements inclusive, safe, resilient and sustainable

11.1 By 2030, ensure access for all to adequate, safe and affordable housing and basic services and upgrade slums Are surface water resources equitably linked to housing and population concentrations? Do rich 
population centres get priority access first?

11.2 By 2030, provide access to safe, affordable, accessible and sustainable transport systems for all, improving 
road safety, notably by expanding public transport, with special attention to the needs of those in vulnerable 
situations, women, children, persons with disabilities and older persons

What is the role of the surface water network (natural and anthropogenic) in the transport mix? Is this 
sustainable throughout the year?

11.3 By 2030, enhance inclusive and sustainable urbanisation and capacity for participatory, integrated and 
sustainable human settlement planning and management in all countries

Do surface water resources meet current and future demands in a sustainable manner?

11.4 Strengthen efforts to protect and safeguard the world’s cultural and natural heritage Are iconic aquatic landscapes and water features adequately protected?

11.5 By 2030, significantly reduce the number of deaths and the number of people affected and substantially 
decrease the direct economic losses relative to global gross domestic product caused by disasters, including water-
related disasters, with a focus on protecting the poor and people in vulnerable situations

Can risk assessments be produced? Are changes in surface water occurrence linked to past disasters, 
and can lessons be learned?

11.6 By 2030, reduce the adverse per capita environmental impact of cities, including by paying special attention to 
air quality and municipal and other waste management

How do population concentrations relate to surface water sources and possible contamination and 
disease sources/vectors?

11.7 By 2030, provide universal access to safe, inclusive and accessible, green and public spaces, in particular for 
women and children, older persons and persons with disabilities

Do surface water features play a role in a city's cultural life? Are they accessible and are they 
sustained?

11.a Support positive economic, social and environmental links between urban, peri-urban and rural areas by 
strengthening national and regional development planning

Do surface water resources flowing in and through peri-urban and rural settlements benefit or suffer 
from proximity to urban areas?

11.b By 2020, substantially increase the number of cities and human settlements adopting and implementing 
integrated policies and plans towards inclusion, resource efficiency, mitigation and adaptation to climate change, 
resilience to disasters, and develop and implement, in line with the Sendai Framework for Disaster Risk Reduction 
2015–2030, holistic disaster risk management at all levels

Are the surface water resources associated with urban settlements (e.g. reservoirs) adequate and 
resilient? Are there 'early-warning' signs that there might be problems (e.g. reservoirs drying up and 
shrinking already)?

Goal 12. Ensure sustainable consumption and production patterns

12.2 By 2030, achieve the sustainable management and efficient use of natural resources Are there sustainable management plans in place for surface water resources, and if so, are these 
based on factual measurement of trends, status and condition of the resources?

12.4 By 2020, achieve the environmentally sound management of chemicals and all wastes throughout their life 
cycle, in accordance with agreed international frameworks, and significantly reduce their release to air, water and 
soil in order to minimise their adverse impacts on human health and the environment

Are surface water resources at risk from chemical and pollutant release? How do threatened water-
bodies connect with the rest of the hydrographic network?

12.8 By 2030, ensure that people everywhere have the relevant information and awareness for sustainable 
development and lifestyles in harmony with nature

Are people in a given region aware of the changes the surface water resources in their region are 
undergoing?

12.b Develop and implement tools to monitor sustainable development impacts for sustainable tourism that 
creates jobs and promotes local culture and products

Are surface water resources used for tourism in good condition?

Goal 13. Take urgent action to combat climate change and its impacts

13.1 Strengthen resilience and adaptive capacity to climate-related hazards and natural disasters in all countries Is there risk associated with failing, expanding or migrating surface water resource in a given country 
and/or region?

13.3 Improve education, awareness-raising and human and institutional capacity on climate change mitigation, 
adaptation, impact reduction and early warning

Are people in a given region aware of the changes the surface water resources in their region are undergoing? 
Can better knowledge of surface water dynamics be used to improve climate change modelling?

Goal 14. Conserve and sustainably use the oceans, seas and marine resources for sustainable development

14.1 By 2025, prevent and significantly reduce marine pollution of all kinds, in particular from land-based activities, 
including marine debris and nutrient pollution

How do the dynamics of river systems at particular risk of pollution (from diverse sources, including 
housing, manufacturing, industry, energy production and agriculture) relate to specific coastal 
ecosystems?

14.2 By 2020, sustainably manage and protect marine and coastal ecosystems to avoid significant adverse 
impacts, including by strengthening their resilience, and take action for their restoration in order to achieve healthy 
and productive oceans

Are coastlines stable, and if not, how are they changing?

14.5 By 2020, conserve at least 10 per cent of coastal and marine areas, consistent with national and international 
law and based on the best available scientific information

How do protected areas relate to changing and stable coastlines?

Goal 15. Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss

15.1 By 2020, ensure the conservation, restoration and sustainable use of terrestrial and inland freshwater 
ecosystems and their services, in particular forests, wetlands, mountains and drylands, in line with obligations under 
international agreements

Where are inland freshwater ecosystems located, and how have the surface areas of these changed 
over time?

15.3 By 2030, combat desertification, restore degraded land and soil, including land affected by desertification, 
drought and floods, and strive to achieve a land degradation-neutral world

Are areas of drought or flooding linked to changes in surface water persistence?

15.5 Take urgent and significant action to reduce the degradation of natural habitats, halt the loss of biodiversity 
and, by 2020, protect and prevent the extinction of threatened species

Are the boundaries of inland freshwater ecosystems changing (expanding or contracting) in a way that 
will have adverse effects on biodiversity?

15.8 By 2020, introduce measures to prevent the introduction and significantly reduce the impact of invasive alien 
species on land and water ecosystems and control or eradicate the priority species

How does the incidence of invasive species relate to the hydrographic network? Are there obvious 
migratory routes that may be blocked?

Goal 16. Promote peaceful and inclusive societies for sustainable development, provide access to justice for all and build effective, accountable and inclusive institutions at all levels

16.8 Broaden and strengthen the participation of developing countries in the institutions of global governance Can partnership with developing countries produce meaningful and relevant statistics on surface 
water resources at the national and regional level?

Goal 17. Strengthen the means of implementation and revitalise the Global Partnership for Sustainable Development

17.6 Enhance North-South, South-South and triangular regional and international cooperation on and access to 
science, technology and innovation and enhance knowledge-sharing on mutually agreed terms, including through 
improved coordination among existing mechanisms, in particular at the United Nations level, and through a global 
technology facilitation mechanism

Are there opportunities for technology transfer concerning surface water mapping from Earth-
observing satellites?

Goal 6 - Clean Water and Sanitation - is a 
fundamental goal; if the targets it sets are missed, 
other SDGs will be difficult, if not impossible, to reach.
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7.2 By 2030, increase substantially the share of renewable energy in the global energy mix What is the share of hydroelectric generation in the current mix?

Goal 8. Promote sustained, inclusive and sustainable economic growth, full and productive employment and decent work for all

8.4 Improve progressively, through 2030, global resource efficiency in consumption and production and endeavour 
to decouple economic growth from environmental degradation, in accordance with the 10-Year Framework of 
Programmes on Sustainable Consumption and Production, with developed countries taking the lead

Do trends in surface water occurrence over time equate with sustainable use?

Goal 9. Build resilient infrastructure, promote inclusive and sustainable industrialisation and foster innovation

9.1 Develop quality, reliable, sustainable and resilient infrastructure, including regional and transborder 
infrastructure, to support economic development and human well-being, with a focus on affordable and equitable 
access for all

Are there observable impacts of major infrastructure developments, such as canal, harbour and dam 
construction, on the immediate and surrounding surface water network? Does this affect navigability 
and connectivity? How does major infrastructure development, such as artificial islands, affect 
surrounding aquatic ecosystems?

Goal 10. Reduce inequality within and among countries

10.7 Facilitate orderly, safe, regular and responsible migration and mobility of people, including through the 
implementation of planned and well-managed migration policies

Do changes in surface water resource (either an increase or decrease) drive the displacement and/or 
migration of people?

Goal 11. Make cities and human settlements inclusive, safe, resilient and sustainable

11.1 By 2030, ensure access for all to adequate, safe and affordable housing and basic services and upgrade slums Are surface water resources equitably linked to housing and population concentrations? Do rich 
population centres get priority access first?

11.2 By 2030, provide access to safe, affordable, accessible and sustainable transport systems for all, improving 
road safety, notably by expanding public transport, with special attention to the needs of those in vulnerable 
situations, women, children, persons with disabilities and older persons

What is the role of the surface water network (natural and anthropogenic) in the transport mix? Is this 
sustainable throughout the year?

11.3 By 2030, enhance inclusive and sustainable urbanisation and capacity for participatory, integrated and 
sustainable human settlement planning and management in all countries

Do surface water resources meet current and future demands in a sustainable manner?

11.4 Strengthen efforts to protect and safeguard the world’s cultural and natural heritage Are iconic aquatic landscapes and water features adequately protected?

11.5 By 2030, significantly reduce the number of deaths and the number of people affected and substantially 
decrease the direct economic losses relative to global gross domestic product caused by disasters, including water-
related disasters, with a focus on protecting the poor and people in vulnerable situations

Can risk assessments be produced? Are changes in surface water occurrence linked to past disasters, 
and can lessons be learned?

11.6 By 2030, reduce the adverse per capita environmental impact of cities, including by paying special attention to 
air quality and municipal and other waste management

How do population concentrations relate to surface water sources and possible contamination and 
disease sources/vectors?

11.7 By 2030, provide universal access to safe, inclusive and accessible, green and public spaces, in particular for 
women and children, older persons and persons with disabilities

Do surface water features play a role in a city's cultural life? Are they accessible and are they 
sustained?

11.a Support positive economic, social and environmental links between urban, peri-urban and rural areas by 
strengthening national and regional development planning

Do surface water resources flowing in and through peri-urban and rural settlements benefit or suffer 
from proximity to urban areas?

11.b By 2020, substantially increase the number of cities and human settlements adopting and implementing 
integrated policies and plans towards inclusion, resource efficiency, mitigation and adaptation to climate change, 
resilience to disasters, and develop and implement, in line with the Sendai Framework for Disaster Risk Reduction 
2015–2030, holistic disaster risk management at all levels

Are the surface water resources associated with urban settlements (e.g. reservoirs) adequate and 
resilient? Are there 'early-warning' signs that there might be problems (e.g. reservoirs drying up and 
shrinking already)?

Goal 12. Ensure sustainable consumption and production patterns

12.2 By 2030, achieve the sustainable management and efficient use of natural resources Are there sustainable management plans in place for surface water resources, and if so, are these 
based on factual measurement of trends, status and condition of the resources?

12.4 By 2020, achieve the environmentally sound management of chemicals and all wastes throughout their life 
cycle, in accordance with agreed international frameworks, and significantly reduce their release to air, water and 
soil in order to minimise their adverse impacts on human health and the environment

Are surface water resources at risk from chemical and pollutant release? How do threatened water-
bodies connect with the rest of the hydrographic network?

12.8 By 2030, ensure that people everywhere have the relevant information and awareness for sustainable 
development and lifestyles in harmony with nature

Are people in a given region aware of the changes the surface water resources in their region are 
undergoing?

12.b Develop and implement tools to monitor sustainable development impacts for sustainable tourism that 
creates jobs and promotes local culture and products

Are surface water resources used for tourism in good condition?

Goal 13. Take urgent action to combat climate change and its impacts

13.1 Strengthen resilience and adaptive capacity to climate-related hazards and natural disasters in all countries Is there risk associated with failing, expanding or migrating surface water resource in a given country 
and/or region?

13.3 Improve education, awareness-raising and human and institutional capacity on climate change mitigation, 
adaptation, impact reduction and early warning

Are people in a given region aware of the changes the surface water resources in their region are undergoing? 
Can better knowledge of surface water dynamics be used to improve climate change modelling?

Goal 14. Conserve and sustainably use the oceans, seas and marine resources for sustainable development

14.1 By 2025, prevent and significantly reduce marine pollution of all kinds, in particular from land-based activities, 
including marine debris and nutrient pollution

How do the dynamics of river systems at particular risk of pollution (from diverse sources, including 
housing, manufacturing, industry, energy production and agriculture) relate to specific coastal 
ecosystems?

14.2 By 2020, sustainably manage and protect marine and coastal ecosystems to avoid significant adverse 
impacts, including by strengthening their resilience, and take action for their restoration in order to achieve healthy 
and productive oceans

Are coastlines stable, and if not, how are they changing?

14.5 By 2020, conserve at least 10 per cent of coastal and marine areas, consistent with national and international 
law and based on the best available scientific information

How do protected areas relate to changing and stable coastlines?

Goal 15. Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss

15.1 By 2020, ensure the conservation, restoration and sustainable use of terrestrial and inland freshwater 
ecosystems and their services, in particular forests, wetlands, mountains and drylands, in line with obligations under 
international agreements

Where are inland freshwater ecosystems located, and how have the surface areas of these changed 
over time?

15.3 By 2030, combat desertification, restore degraded land and soil, including land affected by desertification, 
drought and floods, and strive to achieve a land degradation-neutral world

Are areas of drought or flooding linked to changes in surface water persistence?

15.5 Take urgent and significant action to reduce the degradation of natural habitats, halt the loss of biodiversity 
and, by 2020, protect and prevent the extinction of threatened species

Are the boundaries of inland freshwater ecosystems changing (expanding or contracting) in a way that 
will have adverse effects on biodiversity?

15.8 By 2020, introduce measures to prevent the introduction and significantly reduce the impact of invasive alien 
species on land and water ecosystems and control or eradicate the priority species

How does the incidence of invasive species relate to the hydrographic network? Are there obvious 
migratory routes that may be blocked?

Goal 16. Promote peaceful and inclusive societies for sustainable development, provide access to justice for all and build effective, accountable and inclusive institutions at all levels

16.8 Broaden and strengthen the participation of developing countries in the institutions of global governance Can partnership with developing countries produce meaningful and relevant statistics on surface 
water resources at the national and regional level?

Goal 17. Strengthen the means of implementation and revitalise the Global Partnership for Sustainable Development

17.6 Enhance North-South, South-South and triangular regional and international cooperation on and access to 
science, technology and innovation and enhance knowledge-sharing on mutually agreed terms, including through 
improved coordination among existing mechanisms, in particular at the United Nations level, and through a global 
technology facilitation mechanism

Are there opportunities for technology transfer concerning surface water mapping from Earth-
observing satellites?

A sustainable future for the world isn’t possible if surface water is ignored.
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Part 2 - 
Mapping
surface water

Why produce surface water maps? 
Where’s the world’s surface water now?

Where was it?

Where has water area increased, and where has it decreased? 
How long does the water remain on the surface?

How consistently does it stay there from year to year and month 
to month?

What causes changes and what are the consequences? 

Maps can help us model 'real world' processes, make 
measurements, visualise information, provide statistics, and thus 
support better decision-making concerning what we do with, and 
what we do to, the world's waterbodies.

Don Edwards San Francisco Bay National Wildlife Refuge, to the south of the Bay (shown here in a 
satellite image from the EU Copernicus Programme’s Sentinel-2A satellite, acquired 27 October 2019) 
contains a number of salt evaporation ponds which can change colour, depending on salinity level and 
microorganism population. The image is 64 km top to bottom. 
Source: Alan Belward using Sentinel-2 imagery, courtesy EU Copernicus Programme.
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Mapping surface water
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Why produce surface water maps? 

Mapping allows us to visualise information concerning when 
and where surface water occurs. We organise the information 
and present this as a series of images documenting unchanging 
and changing patterns. These maps are created to a consistent 
scale and projection, which means that the relative size and 
position of objects in the maps is an accurate representation of 
their size and position in the real world; if a lake shown on a 
water map looks twice as big as its neighbour on the map, you 
can be sure that in reality it is twice as big – and that it actually 
is a neighbour. Each map is a representation of reality, but at 
reduced size. Because maps reduce size, they inevitably reduce 
information too. The maps in this Atlas show surface water – 
everything else is intentionally removed.

Because the maps use known geographic projections and 
scales, they can be used to make measurements of length, 
width, area, position and distance. They provide information 
on spatial connections, put all objects depicted into context 
and give reference points from which to record change. The 
maps can also be combined with other maps (everything from 
roads, Nation States’ borders, administrative units, population – 
basically anything that has been mapped) to provide additional 
information. Especially when held in digital form, maps can be 
used in computer models that aim to emulate and reproduce 
'real world' processes, such as forecasting weather1 and climate 
changes2 or water consumption and demand.

The maps provide statistical information, such as surface 
water area in any given geographic region at any given time. 
But they give more than just numbers. The maps provide us with 
a new perspective of where and when water appears on our 
planet’s surface and on how these changing waterbodies relate 
to each other. The information in the maps highlights important 
issues (such as the effects climate fluctuations are having on 
water distribution) as to how human actions are affecting its 
persistence and location, along with what this might mean for 
biodiversity, food production, industry, health, transport, energy, 
even social development and security. They should provoke 
critical thought and debate, their aesthetic qualities should help 
raise awareness of the importance of surface water, and the 
maps should help to tell stories by showing not just what has 
happened, but where and when. 

The right maps can help to tell the 
story of what is happening to our 
planet's surface water area, and also 
where, when and why change occurs.

Maps are created to a consistent 
scale and projection as an accurate 
representation of the real world.

The most accurate water map ever created?
As the Global Surface Water Explorer (GSWE) Water Occurrence (1984 - 
2018) maps include time (discussed on page 40 "A new approach: Capturing 
time in maps"), they could be considered the most accurate ever created 
to date. In this example, Lake Urmia, Iran, is shown from OpenStreetMap 
(top) and the GSWE (bottom). The GSWE map provides a continuous record 
of the persistence with which each part of the lake was under water, whilst 
the conventional OpenStreetMap presents only two water classes (water or 
wetland): the boundaries are entirely fixed and there is no indication as to 
what actually differentiates water from wetland. The ‘wetland’ in this case in 
fact used to be water!
Sources: Contains OpenStreetMap.org data © OpenStreetMap contributors, CC-BY-SA (top);  
JRC/Google Earth Engine team (bottom).

Lake size comparison.
Maps produced to a constant scale and projection allow direct, 
meaningful comparisons to be made concerning shape and size 
(among other cartographic parameters). These extracts from 
the Global Surface Water Explorer illustrate the huge variety of 
shapes and sizes the Earth’s lakes have. All lakes are shown at 
the same scale and geographic projection. 
Source: JRC/Google Earth Engine team, graphic by Lovell Johns Ltd.
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The challenges of mapping surface water

Surface water is an ever-changing system
People were mapping surface waterbodies three thousand 

years ago. The oldest surviving world map, the Imago Mundi (the 
Babylonian map of the world), dated to circa 600 to 700 BCE (a 
copy of an original composition from 900 BCE), includes an ocean, 
an unnamed river (probably the Euphrates), a swamp and also a 
canal3. By depicting these waterbodies on the Imago Mundi, the 
people of the time emphasise the importance these waterbodies 
hold for them. The ocean, river, swamp and canal were critical 
reference points, defining their view of the world in which they 
lived. Three thousand years later, the information the map contains 
concerning the dimensions, location and connectivity of these 
waterbodies is for all practical purposes useless. This is partly 
because of the limited cartographic expertise and technologies 
available in 900 BCE, but also because most maps are wrong some 
of the time where waterbodies are concerned, and some maps 
are wrong all of the time. Maps are usually wrong because the 
locations they assign to the margins of any waterbody (shorelines 
and channel banks) are fixed at the exact time the map was drawn. 
But waterbody margins don't remain fixed, even waterbodies 
themselves appear and disappear over time. 

Natural change
The changes in surface water location and 

persistence can take place on timescales from 
millennia to months, even hours in the case of 
flooding. Africa’s Lake Tanganyika began to form 
some 9 to 12 million years ago4, though even this 
is young compared to the 25-million-year-old Lake 
Baikal in Russia5. Most lakes on Earth are less than 
18 000 years old6. Many rivers are considerably older, 
with their formation linked to ancient geological 
events that created mountain ranges, which are at 
their source7. 

On human timescales, many locations on Earth can be 
considered as being permanently under water. Most lakes, 
wetlands or rivers have been more or less in the same place for 
as long as anyone can remember, and are extremely likely to be 
there for future generations too. Some locations are regularly 
under water for several months each year; everyone knows which 
months will be wet and which dry, and the seasonal waterbodies 
appear and disappear like clockwork. Other waterbodies are far 
less predictable. They appear irregularly, certainly not every year, 
and yet other locations are never inundated. 

But even the margins of otherwise permanent, predictable 
waterbodies vary from time to time, as changing temperature, 
rainfall and snowmelt patterns from season to season and 
year to year affect the amount of water entering or leaving the 
waterbody. Prevailing weather conditions cause wetlands and 
lakes to diminish or grow in size, and rivers to swell or contract. 
Erosion and accretion patterns cause shorelines to move, rivers 
to meander, oxbow lakes and lagoons to form, rivers to change 
course entirely and deltas to either reduce or expand8. Entirely 
new shorelines also occasionally come into being when volcanic 
activity creates new landmasses9 and previously permanent 
water disappears, such as Surtsey, Iceland or more recently 
Hunga Ha'apai Island, Tonga (see below).

Most maps are wrong some of the time 
where waterbodies are concerned, and 
some maps are wrong all of the time.

The boundaries of the world's most 
established waterbodies, such as Lake 
Baikal and the Amazon River, change 
from season to season, if not year to year.

Babylonian Map of the World (or Imago Mundi).
This partially broken clay tablet contains both cuneiform (one 
of the earliest systems of writing) inscriptions and a map of the 
Mesopotamian world. Surface water features are highlighted as: 1. 
River (Euphrates?) dissecting Babylon (shaded); 2. Canal; 3. Swamp; 
and 4. Ocean.
Source: Osama Shukir Muhammed Amin FRCP(Glasg) [CC BY-SA (https://creativecommons.org/
licenses/by-sa/4.0)].

Hunga Ha'apai Island, Tonga.
Hunga Ha'apai formed when a submarine volcano erupted in December 2014. The 
ash and rock interacted with the seawater and solidified. The new island even has 
its own permanent surface waterbody due to a lake forming in the volcano's crater.
Source: Jean-François Pekel and Alan Belward using 2019 Sentinel-2 imagery, courtesy EU Copernicus Programme.

Lake Baikal, Russia.
Lake Baikal, formed as an ancient rift valley, is the largest 
freshwater lake by volume in the world. It contains more 
water than the North American Great Lakes combined, 
with 22 - 23 % of the world's fresh surface water. 
Source: Philipp Trubchenko on Unsplash.
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Anthropogenic change
People play a vital part in surface water changes as water is 

withdrawn for various uses, and hydro-engineering projects take 
shape. Throughout our entire history, humans have ‘managed’ 
surface water: to protect against too much and too little, to improve 
navigability and provide safe harbours, to trap and farm food, 
provide power, to protect - even reclaim - land and for cultural and 
social reasons. Trajan’s harbour, built outside Rome 100 - 112 CE, 
is no longer coastal, but the hexagonal structure is still intact and, 
whilst it no longer serves its original function, it is still a cultural 
asset and important contributor to local biodiversity almost 2 000 
years later. 

As our water engineering capabilities have increased, so 
too has the scale of the projects, and the effects these have on 
surface water location and persistence. 

Humans build entirely artificial rivers, digging out and lining 
the channel in the case of canals, and extending this to tunnels, 
pipes and special bridges in the case of aqueducts. Humans 
also extensively modify natural river flow by constructing dykes, 
levees and embankments that restrict lateral movement, dams 
and weirs that break longitudinal and temporal connections 
(by cutting the river and holding back seasonal river flow) and, 
occasionally, fully encase rivers in pipes (these completely 
block groundwater recharge and seepage, and stop any direct 
connection between the river and precipitation). Extraction from 
aquifers and impermeable surfaces on floodplains and catchment 
areas also disrupt free flow. 

Throughout history, humans have 
‘managed’ surface water.

Humans modify natural waterways and build entirely 
artificial lakes (reservoirs) and rivers (canals).

Trajan’s harbour, Lazio, Italy.
Trajan’s hexagonal harbour (modern day "Lago Traiano") 
can clearly be seen in this Sentinel-2B image from 13 
September 2019. The harbour now sits next to Rome’s 
Fiumicino airport around 2 km from the coastline. Image is 
12 km North-South (top to bottom). 
Source: Alan Belward using Sentinel-2 imagery, courtesy EU Copernicus Programme.

Broken levee on the Feather River, California, USA.
Aerial view of a broken levee under repair by U.S. Army Corps of 
Engineers on the Feather River near Nicolaus, California, USA. 
Source: Michael Nevins, U.S. Army Corps of Engineers [Public domain].

Panama Canal, Panama.
Agua Clara Locks, Gatun (viewed from the Atlantic side)
before entering Gatun Lake, a large artificial lake (created 
between 1907 and 1913 by the building of the Gatun 
Dam across the Chagres River) that forms a major part of 
the Panama Canal.
Source: US DOT [Public domain].

River Rea, Birmingham, UK.
The river is channelled and culverted as it passes through 
parks and built-up areas in central Birmingham, UK.
Sources: Brian Robert Marshall / The bridge on the River Rea, Cannon Hill Park, 
Birmingham / CC BY-SA 2.0 (top);
By flamenc [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)] (bottom).

Pont du Gard aqueduct, Gard, France.
The Pont du Gard is an ancient Roman aqueduct bridge built in the first century AD to carry 
water over 50 km to the Roman colony of Nemausus. It crosses the Gardon River near 
the town of Vers-Pont-du-Gard in southern France. The Pont du Gard is the highest of all 
Roman aqueduct bridges, and one of the best preserved.
Source: Xuan Nguyen on Unsplash.
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Dam building
The biggest change humans cause to surface water (in 

terms of actual surface area affected) is brought about by dam 
building. A dam is any barrier across a river that holds back 
water. They range in sophistication from simple rock and earth 
embankments to some of the world’s most expensive engineering 
and construction projects. Damming can create spectacularly 
large lakes. The five largest (by surface area) alone cover over 
32 500 km2 of land, which is slightly larger than the US state of 
Maryland, or Belgium in Europe. 

There are many benefits to dam building. They guarantee 
local water supply for multiple uses, they regulate flow and protect 
against flooding, they can help regulate debris movement, stop 
the spread of pollution (e.g. mine tailings), reduce soil erosion, 
they can improve waterborne transport systems by regulating 
and stabilising river/lake flows and levels, and dams even have 
recreational value for boating, picnics, sports-fishing and the like. 

Dam building has drawbacks too. Transforming land into 
a lake (or canal) has an immediate impact on ecosystems 
both in the backwaters and downstream, and the services they 
provide10. Dams drown land in their backwaters and can cause 
fragmentation and desiccation of downstream fluvial systems, 
they restrict the movement of fish (in spite of cannons, ladders 
and elevators, all of which are used to help fish get over dams), 
other animal and plant life, sediments and people (more than 
one million people had to move because of one project alone11). 
Dams impact human and animal health by affecting pollution 
attenuation (dispersion, dilution and concentration in sediments), 
and altering the spread and concentration of pathogens and 
disease vectors, waste water, and harmful products from 
aquaculture and agriculture. They also have a profound effect on 
global biogeochemical cycles, emitting huge amounts of carbon 
dioxide (CO2)

12.

Dams built by humans cause some of the 
biggest changes to our planet's surface.

Dam building has an immediate impact on 
ecosystems, both in the backwaters and downstream.

b

a

The impact of dams.
a. Dams drown land in their backwaters, as seen at Lake Vyrnwy Reservoir, Powys, Wales, UK; 
and 
b. can cause fragmentation and desiccation of downstream fluvial systems, shown here in the 
Global Surface Water Explorer (GSWE) as 'Lost Permanent' and ‘Lost Seasonal’ water in the 
lower reaches of the Colorado River (the dark red and pink colours in the map).
Sources: a. By Sean the Spook at English Wikipedia, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=12421048 and  
b. JRC/Google Earth Engine team; contains OpenStreetMap.org data © OpenStreetMap contributors, CC-BY-SA.

Leisure benefits from dam building.
Sailing on Foulridge Reservoir, Lancashire, UK.
Source: Tim Green from Bradford - CC BY 2.0, https://commons.wikimedia.org/w/index.
php?curid=52270799.

Gordon Dam, Tasmania, Australia.
Constructed in 1974, the Gordon Dam is a major gated double 
curvature concrete arch dam that generates hydroelectric power via 
the conventional Gordon Power Station located below the dam wall.
Source: Lode Lagrainge on Unsplash.

Tehri Dam, Bhagirathi River near Tehri Uttarakhand, India.
The Tehri Dam on the Bhagirathi River is a 260 m-high rock- and 
earthfill embankment dam. The reservoir of the dam drowned 
the District headquarters of Tehri, which have now been shifted 
to New Tehri. Furthermore, as the Bhagirathi River is considered 
part of the sacred Ganges, it has created resentment in some 
communities, who claim that the sanctity of the Ganges has been 
compromised for the generation of electricity.
Source: Jeewannegi [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)].
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Fish cannon...
Pressurised flexible tubes (sometimes called fish cannons) 
provide river connectivity for migratory fish. The example 
shown is a volitional entry, fully autonomous fish passage 
system that selectively passes desired species over dams 
so that they can easily continue on their migratory journey, 
a vital part of their life cycle.
Source: The Whooshh Passage Portal™ installed on the Chief Joseph Dam, 
Columbia River, USA, courtesy Whooshh Innovations (www.whooshh.com). 

ladder... 
Large pool-and-weir fish ladder at Bonneville Dam on the 
Columbia River, USA.
Source: Don Graham [CC BY-SA (https://creativecommons.org/licenses/by-sa/2.0)].

and elevator.
Fish elevator at the hydroelectric power plant Grenzach-
Wyhlen is located on the river Rhein, on the border 
between Germany and Switzerland. Once enough fish 
accumulate in the collection area, they are nudged into 
a hopper that carries them into a flume that empties 
into the river above the barrier.
Source: St.Hinni [CC BY-SA (http://creativecommons.org/licenses/by-sa/3.0/)].

The Lincoln Memorial Reflecting Pool, Washington, D.C., USA.
People walking over the ice covering the Lincoln Memorial Reflecting Pool, a waterbody 
built purely for cultural/leisure reasons.
Source: Something Original at English Wikipedia [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)].

Gravel pit lake, Geinsheim am Rhein, Hesse, Germany.
Aerial photograph of a gravel plant and lake occupying the pit following open-pit 
mining for the extraction of gravel deposited by the adjacent River Rhine.
Source: Fritz Geller-Grimm [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)].
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Artificial lakes also form in the aftermath of industrial 
activity, and pit lakes form through flooding of abandoned open-
cut mines (coal, sand, gravel, clay) and quarries. The remaining 
pit fills with ground, surface and rain water. These lakes also 
affect local ecosystems, even climate systems, and culture. Some 
ex-industrial or mining sites are used for recreation and some 
artificial waterbodies are constructed purely for recreational or 
cultural reasons. 

Humans also remove surface water, sometimes temporarily 
by draining lakes and wetlands13, sometimes with more 
permanent intentions through land reclamation and the creation 
of artificial islands14.

Our planet's surface water cover is intensely dynamic. Ideally, 
we should be able to map these changes as they happen, or soon 
after, and travel back in time to build up a picture of what has 
already changed. Furthermore, this mapping should be equally 
accurate in all places and at all times. However, checking the 
entire planet’s surface for the appearance - or disappearance - of 
water every day is quite a challenge.

Land reclamation and drainage schemes 
replace surface water with new land.

Markermeer, the Netherlands, 2018.
In 1932, Dutch engineers turned a saltwater bay of the North Sea into a 
freshwater lake. In subsequent years large tracts of land (the polders) were 
drained and turned into farmland. This land reclamation process still continues, 
and a new artificial archipelago, the Marker Wadden, is currently under creation. 
Work started in April 2016. The still expanding islands can be seen close to the 
centre of this image, and are shown in a zoomed inset. Landsat scene acquired 
26 July 2018, main image is 105 km North-South (top to bottom).
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.

Artificial archipelagos, Dubai, United Arab Emirates, 2010.
This false-colour image shows two artificial archipelagos 
along the Dubai coast: Palm Jumeirah and The World. Bare 
ground appears brown, vegetation appears red, water 
appears dark blue, and buildings and paved surfaces appear 
light blue or grey.
Source: Jesse Allen using ASTER imagery, courtesy JAXA/NASA and the US/JAPAN 
ASTER Science Team.

Land reclamation, Shenzhen, China.
Two comparative images showing the level of reclamation to 
accommodate Shenzen's ever-increasing population. Extensive land 
reclamation along the Qianhai Bay and Shenzhen Bay area has rendered 
the coastline almost unrecognisable over a period of little more than 
three decades. Images are 25 km North-South (top to bottom). 
Source: Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.
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Orbit 1 Orbit 2 Orbit 3

Photogrammetry (the science of obtaining measurements 
from photographs15) and aerial photography revolutionised map 
making. Aerial photography provides many advantages over 
ground-based surveying, by providing access to difficult to reach 
geographic regions16, providing a synoptic view, consistency and 
uniformity of observation, through the ability to freeze motion, 
by the creation of a permanent record and because distortions 
(caused by factors such as terrain displacement, camera tilt 
and aircraft movement) can be removed to make accurate 
cartographic products. 

In spite of the advantages, aerial photography has never 
provided regular global coverage. The costs in terms of time 
requried to collect and process photographs covering very 
large areas, let alone the logistical challenges of negotiating 
sovereignty of air space, and dealing with poor flying weather 
conditions, make this a non-starter. Earth-observing satellites on 
the other hand don't suffer from these drawbacks. Permission 
isn’t needed to overfly sovereign territory if you are in space, and 
if the satellite is in a near-polar orbit it can acquire imagery of 
anywhere on the planet’s surface again and again. 

In near-polar orbit, satellites pass above the Earth slightly 
inclined from the two geographic poles17. A satellite in such an 
orbit follows an almost circular path, and as the satellite orbits 
the Earth, the Earth is turning on its own axis beneath the satellite, 
which means that the satellite will fly over a different strip of 
land with each successive orbit. Eventually the satellite will fly 
over land that it has already flown over. This provides the time 
dimension to mapping from satellite images. At an altitude of 
1 000 km it takes around 100 minutes for a satellite to complete 
one orbit, so it will complete 14 orbits every 24 hours. The time 
it takes for the satellite to fly over the same strip of land again 
is called the revisit period. This can vary from a day to around 
two weeks or so, depending on the orbit and the characteristics 
of the sensor carried by the satellite. Some sensors just look at 
a narrow strip of ground underneath the satellite (but in great 
detail), others see less detail, but a far greater area. The width of 
the strip of ground is described as ‘swath-width’. This is typically 
somewhere between 100 and 1 000 km. A sensor with a narrow 
swath width will need to fly more orbits to image the entire 
planet’s surface than a wide-swath-width instrument. 

By the 1960s, photographs of Earth were being obtained 
from satellite18. The exposed film was parachuted back to Earth 
in capsules, which were caught in mid-air on special winches by 
aircraft. This technology was primarily for military use19, though 
the photographs entered the public domain when the Clinton 
Administration declassified US reconnaissance imagery from the 
1960s and '70s20. The photographs provide a unique historical 
view of selected parts of our planet at specific dates, but only 
for selected parts and only for specific dates. There were too 
few satellites flying, and the cameras they carried didn't contain 
enough film to photograph all of the Earth’s surface repeatedly. 

Satellites no longer carry film cameras. Earth-observing 
satellites carry electronic imagers capable of recording 
multispectral information at multiple wavelengths. Some 
collect imagery analogous to panchromatic film, others collect 
information in multiple, but separate, wavebands, including 
measurements of visible, near and middle infrared light. Some 
carry thermal sensors, and others imaging radars that can see 
through clouds and at night21. The images are transmitted to 
data-receiving stations on Earth. Some satellites use on-board 
recorders to capture images when the satellite cannot see a 
station’s data-receiving dish (data are transmitted the next time 
the satellite does see the dish), and some transmit the images to 
a separate communications satellite that can see the station22. 
Through a combination of line of sight, on-board recording and data 
relay satellites, repeated global image acquisition is truly possible. 

Global mapping made possible with satellites

Permission isn’t needed to overfly 
sovereign territory if you are in space.

Figure 2-1 | Satellite orbits.
A satellite in near-polar orbit follows an almost circular path. Orbit 1 shows the track followed 
by the satellite during the first 99 minutes of flight time. By the time the next 99-minute orbit 
begins (Orbit 2) the Earth has turned on its own axis and the satellite is now flying over a new 
strip of land; the ground track followed by the satellite during the first orbit is shown in fainter 
green, successive orbits in blue and orange.
Source: Robert Simmon, NASA, redrawn by Lovell Johns Ltd.

Catching a satellite.
An Air Force JC-130B catching a satellite with grappling 
gear and winch at Edwards AFB, California, 1969. 
Source: United States Air Force [Public domain].

The Kremlin, Moscow, 28 May 1970.
Military 'spy' images were the only high resolution 
images taken during the 1960s and early 70s.
Source: CIA/National Reconnaissance Office using KH-4B imagery, 
courtesy http://www.digitalvaults.org/tags/m/moscow.html
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Satellites repeatedly fly over the same ground, 
month after month, year after year.

a

c d

b

Next page: The regular revisit period of the Landsat satellites allows us to capture patterns.
This sequence of Landsat 8 images, collected throughout 2018, show Phnom Penh, Cambodia, sited 
at the confluence of the Tonlé Sap River (flowing top to bottom in the images) with the Mekong River 
(flowing from the top right corner in the images). This river system flows at reduced levels from January 
through to July, before expanding dramatically in August, September and October, then retreating again 
in November and December. The regular revisit period of the Landsat satellites allows us to capture 
this annual pattern and to see how it changes from year to year. The image sequence also reveals one 
of the biggest challenges to mapping from satellite time-series where optical imagery is used... clouds. 
Using an expert system, we are able to avoid the clouds and only analyse the cloud-free pixels in each 
image. Each scene is 135 km North-South (top to bottom).
(Top left to bottom right: 7 January, 24 February, 12 March, 13 April, 15 May, 16 June, 2 July, 3 August, 20 
September, 22 October, 23 November, 25 December 2018. 
Source: All images Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.

Figure 2-2 | Some satellite sensors see things you can’t.
The sensors on many satellites measure electromagnetic radiation [light] at 
wavelengths beyond the range of the human eye.
Figure 2-2a shows a true colour image collected by the Copernicus Sentinel-2 
satellite of the Guadiaro River flowing into the Mediterranean Sea and the 
Guadarranque Reservoir (Cadiz Province, Spain). The line of the river can just be 
seen in the centre of the picture. The reservoir and river estuary are completely 
obscured by clouds. True colour images like this are roughly the same as a 
photograph you would take with your smartphone. 
Figure 2-2b is from the same satellite on the same day (13 November 2019) 
but this is a false colour image, where the sensor has captured near infrared 
reflectance (which your eyes, or smartphone, cannot see). 
Figure 2-2c is an image of exactly the same area, acquired on the same cloudy 
day, but by a different satellite, Sentinel-1. Sentinel-1 is a radar imaging 
satellite and its sensors are sensitive to electromagnetic radiation at such long 
wavelengths that they can pass completely uninterrupted through the clouds. The 
reservoir and estuary can clearly be seen from space at these wavelengths in spite 
of the cloudy day. 
Figure 2-2d is a (true colour) photograph of the Guadarranque Reservoir's Dam.
Sources:  
a-c. Alan Belward using Sentinel-1 and 2 imagery, courtesy EU Copernicus Programme.
d. 15Gitte (1 March 2015) This file is licensed under the Creative Commons Attribution-Share Alike 3.0 Spain.
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The colour of water
Multispectral scanners on polar-orbiting satellites are in effect 

measuring colour. In general, vegetation, soil, bare rock, buildings 
and water all reflect, transmit and absorb light differently. The 
fractions of reflectance absorption or transmission of visible 
light in turn determines the colour of the object as we perceive it. 
Actively growing vegetation looks green to us23, soils can appear 
anything from almost black, to red, yellow and almost white24, 
buildings often look grey. But what colour is water? 

Pure water is largely transparent to visible light - most just 
passes straight through it. Pure water does reflect slightly more 
blue light than any other visible light, which is why deep bodies 
of clean water appear to be a deeper, more intense blue than 
shallow waters; there is a greater column of water reflecting 
blue light back to the eye, whilst absorbing more of the other 
wavelengths25. Because water is so transparent, the apparent 
colour of a waterbody depends very much on what’s under it and 
what’s in it. Chlorophyll concentration (e.g. from phytoplankton 
in the water), total suspended solids (such as soil particles) and 
coloured dissolved organic matter load, the depth of the water 
and waterbody bottom material for shallow waters all affect the 
way it will look in a satellite image. 

Unfortunately, other surfaces can share some of the 
spectral properties of water under certain illumination or viewing 
conditions. Shadows cast by buildings, trees, mountains and 
clouds can all look very like a waterbody when seen from space, 
so too can glacier moraines, the lava outflow from volcanoes, 
dark, wet soils, coal and spoil heaps linked to mining and industrial 
sites, and the burn scars from fires. Even parking lots, roofing and 
solar panel arrays in photovoltaic farms can sometimes look like 
waterbodies. Waterbody mapping using multispectral satellite 
imagery has to resolve this spectral overlap. 

From space, certain objects can appear to be water when they aren't.
From space a lot of things, such as shadows, solar panels, and buildings, 
can mimic the colours of water. This colour confusion (or technically 
speaking, overlapping multispectral reflectance characteristics) needs to 
be resolved. This is achieved using an expert system that employs both 
subtle multispectral discriminators, and time.
Sources: All photos Alan Belward except Glacier, (top centre) Andrew Grandison Creative Commons Attribution-
Share Alike 3.0 Unported; (middle left) Montaña Blanca lava, QuartiCreative Commons Attribution-Share Alike 
3.0 Unported; (middle right) Photovoltaic panels, U.S. Navy’s Bill Mesta Public Domain.

Water isn't one colour.
Earth-observation satellites measure light (in terms of our eyes, this 
means colour). Mapping different objects in a satellite image relies, at 
least in part, on measuring differences in their colour. Mapping water 
all across the globe on the basis of colour is a huge challenge, because 
water isn't one colour; its colour depends on what's in it, and what's 
under it. On the global scale a multitude of combinations of ‘in’ and 
‘under’ occur.
Sources: All photos Alan Belward except Lake Urmia (bottom left), Tasnim News, Creative Commons 
Attribution 4.0 International.

Figure 2-3. | The electromagnetic spectrum.
The radiation behind radio waves, visible light and nuclear blasts is all electromagnetic 
radiation, just with different amounts of energy and different wavelengths. The human eye is 
sensitive to a very small part of the electromagnetic spectrum: visible light. Our eyes perceive 
electromagnetic radiation with different wavelengths/energy levels as different colours.
Source: http://www.abc.net.au/science/articles/2010/02/18/2817543.htm  
Redrawn by Lovell Johns Ltd.
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Making the Global Surface Water Explorer's maps

An appropriate data source – the Landsats
To tell the stories and answer questions concerning the 

persistence and location of the Earth’s surface water, maps 
need to cover the planet’s entire landmass, they need to go 
back in time, and they need to describe the changes over time in 
sufficient detail, spatially and temporally. Multispectral images 
collected by polar-orbiting satellites can support this, and data 
from these have been used to map various attributes of land 
cover for many years26,27,28,29.

A map’s value is significantly enhanced if it provides consistent 
detail (both geographically and over time) along with consistent, 
documented accuracy across the entire map, and at all periods if 
the map includes a time dimension. Achieving consistency is most 
likely if the map maker uses the same methods and same data 
for all locations and dates. The Landsat program provides the 
longest unbroken record of satellite images of our planet30. The 
maps in this Atlas were produced using these data.

The first generation Landsats (1 to 3), launched in the 
1970s, collected imagery with a spatial resolution of around 
60 metres. By 1984 the Landsats carried multispectral sensors 
collecting imagery with a spatial resolution of 30 m. The sensor 
carried by Landsats 4 and 5 was called the Thematic Mapper 
(TM), on Landsat 7 it was a slightly improved Enhanced Thematic 
Mapper-plus (ETM+), and Landsat 8 carries the Operational 
Land Imager (OLI). All three sensors provide the same level of 
spatial information (30 m pixel), all collect data at visible, near 
and middle infrared wavebands, and all satellites in the Landsat 
series, from Landsat 3 onwards (launched in 1978), also acquire 
thermal imagery. 

The United States Geological Survey (USGS) teams operating 
the Landsat program and their science partners put a huge amount 
of effort into ensuring that the images they archive and distribute 
are geographically and radiometrically stable. Distortions due to 
terrain and tilting of the sensor/satellite are removed through a 
process called orthorectification. The digital counts recorded by the 
satellite are converted into a physical measurement - reflectance 
- in a step that also takes instrument calibration into account. 
Calibration is needed because sensor performance changes 
over time. This process is carefully measured and calibration 
coefficients are applied to ensure that the same amount of 
reflected radiation received by the sensor will always translate 
into the same value in a digital image, even when images are 
acquired many years apart. Orthorectified, top-of-atmosphere 

reflectance and brightness temperature images, called Level One 
Terrain (L1T)31, are processed, archived and freely distributed by 
the Landsat program32,33. The Landsat program has collected 
many millions of individual images in the course of its operation, 
and hundreds more are added to the archive each day34. The 
maps shown in this Atlas were created using the archive of L1T 
images from Landsats 5, 7 and 8 acquired between 1984 and 
2018. Of course, surface waterbodies changed before 1984 as 

well as since 2018. The maps in this Atlas are a snapshot 
of the water dynamics during the 1984–2018 period; the 
Global Surface Water Explorer continues to monitor new 
surface water dynamics as satellite images are acquired 
and archived.

The Landsat program's satellites have 
collected images of the Earth since 1972.

Artist's impression of Landsat 8 satellite in orbit.
Source: NASA/Goddard Space Flight Center Conceptual Image Lab.

Dallas-Fort Worth, Texas, USA.
The first image collected by the Landsat program was of 
the Dallas-Fort Worth area, Texas. Part of this historically 
significant image, acquired on 25 July 1972, is reproduced 
here. Even with a spatial resolution of about 60 m the Red 
River can be seen flowing across the top and flowing into, and 
out of, Lake Texoma (only part of the lake is seen). It is one of 
the largest reservoirs in the USA, formed by the Denison Dam, 
completed in 1944. Smaller reservoirs surround the Dallas-
Fort Worth metropolitan area in the lower half of the image. 
The Landsat program has continued uninterrupted since this 
date. The right-hand image acquired by Landsat 8 on 29 
October 2019 shows the metropolitan area where the number 
of artificial lakes have both noticeably increased. Images are 
110 km East-West (left to right).
Source: Alan Belward using Landsat 1 and 8 imagery, courtesy USGS/NASA.
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Millions of images, billions of pixels
The Landsat 4, 5, 7 and 8 satellites occupy near-polar orbits 

at an altitude of 705 km. It takes 99 minutes for each satellite 
to complete one orbit, and thus each satellite completes over 
14 orbits per day, with full revisit every 16 days (except at the 
extreme poles)35. There has often been more than one Landsat 
flying at any time, and two Landsat satellites operate concurrently, 
with the orbits positioned to deliver an 8-day revisit period. The 
Landsat satellite images are gathered in a continuous strip, with 
the width of the strip determined by the height of the orbit and 
the field of view of the sensor; in the case of the Landsats these 
give a ‘swath width’ of 185 km. However, the swaths overlap by 
7 % at the equator and, as the orbits get closer together at high 
latitudes, overlap increases to 68 % at 70 degrees latitude36. 
The adjacent orbit to the west of a previous one is collected a 
week later, thus pixels in the side-lap areas from both swaths 
provide unique views of the surface. The continuous image swath 
is divided into individual image frames, and for convenience 

these are provided in 185-km blocks. Thus, each Landsat image 
is 185 by 185 km in size. The division of image frames along an 
orbit track is made so that there is a small amount of overlap 
(to avoid unwanted gaps) but, unlike the side-lap images, these 
overlapping areas along a single orbit track display identical data, 
not unique views.

Every unique view represents an opportunity to check for 
surface water. Landsat 5, launched 1 March 1984,  collected 
TM imagery until November 2011. Landsat 7, launched 15 April 
1999, acquired imagery normally until 31 May 2003 when part 
of the sensor, the scan line corrector (SLC), stopped working 
(images collected after the failure have a slatted appearance, 
because parts of the data are missing). SLC failure causes around 
22 % of each scene to be lost37, but any pixel actually collected is 
a valid observation and provides a unique view38. Two Landsats 
operated from April 1999 onwards, and the program began a 
dedicated global acquisition strategy then too39. Landsat 8 began 

operational imaging in April 2013. From April 2013, the program 
made available virtually every image of the Earth’s landmass 
collected by the satellite, and in 2010 the USGS began to recover 
historic archive holdings from receiving stations around the world.

Each image has multiple bands. The Global Surface Water 
Explorer (GSWE) uses three visible, one near infrared, two short-
wave infrared and a thermal band1. There is thus an enormous 
stack of data covering every 30 × 30 m square of the Earth; seven 
individual measurements per image, one image possibly every 16 
days, sometimes every 8 days, and sometimes every week, for the 
entire operational life of the satellites. By 2018, the GSWE was 
based on 3 865 618 L1T images (1 823 terabytes of data), covering 
99.95 % of Earth’s landmass. All of these data were copied to the 
Google Earth Engine, which provided the processing and analysis 
environment for the GSWE40.

1 The thermal bands have a slightly lower spatial resolution than 30 m, but for data management 
purposes they are usually mapped to the same 30 × 30 m grid.

Nearly 4 000 000 Landsat scenes were 
analysed to produce the maps in this Atlas.

Lake Maggiore, Italy, Landsat scenes.
Two official Landsat 8 ‘quicklook’ natural colour composites as downloaded from the USGS Earth 
Explorer data distribution service (https://earthexplorer.usgs.gov/). Each image covers 185 by 185 
km. Both images show Lake Maggiore and neighbouring lakes in Italy, Switzerland and France 
on the southern edge of the Alpine mountain chain. The lakes are the darkest colours. The very 
pale blue colours are snow on the mountains, the brighter white colours are clouds. Vegetation 
appears green. The image on the left is from path (orbit) 195, row (scene centre) 28 acquired on 
31 May 2017. Most, but not quite all of Lake Maggiore appears on the right-hand edge of the 
scene. The image on the right (to the west) is from path (orbit) 194, row (scene centre) 28 and 
was acquired one week earlier on 24 May 2017. All of Lake Maggiore can be seen in this scene. 
Each of these paths was overflown by the satellite every 16 days before these images were 
acquired, and every 16 days since. The Earth’s surface outside the side-lap is only seen once 
during the 16-day orbit cycle, whilst it is seen twice in the overlapping region.
Source: USGS Earth Explorer with labels, Lovell Johns Ltd. using Landsat 8 imagery, courtesy USGS/NASA.
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The data processing challenge
Separating water pixels from everything else around the 

globe is in itself demanding, doing this for petabytes of satellite 
imagery is truly demanding. As described earlier, water doesn’t 
come in one colour - its spectral properties at the wavelengths 
measured by the TM, ETM+ and OLI sensors vary enormously 
according to what’s in and under it. Variations in observation 
conditions (sun-target-sensor geometry, and optical thickness) 
also add to the variability. On the global scale, across multiple 
years, all possible conditions will be encountered somewhere at 
some time. 

To address this challenge, a dedicated expert system was 
developed to assign each pixel to one of three target classes, 
either water, land or non-valid observations (snow, ice, or cloud). 
However, not all pixels could be unambiguously assigned to these 
three classes on the basis of spectral characteristics alone. This is 
where the expert system uses ‘evidential reasoning’ to guide class 
assignment. The evidence being a mixture of geographic location 
and changes in reflectance over time at that specific location. 
Geographic location is important because spectral confusion 
between water and other surfaces can only occur in locations 

where those other surfaces are found, and time is important 
because this spectral overlap may occur at specific times of the 
year and not at others. Spectral confusion between water and 
glaciers can only occur in parts of the world that have glaciers 
– these were identified using the Randolph Glacier Inventory 
5.041. Similarly, confusion with volcanic lava can only occur 
where there is lava! So, a global scale lava mask was established 
from both spectral characterisation and visual interpretation of 
Landsat images. And finally, shadows from buildings, terrain 
and clouds had to be identified and separated from water. In the 
case of buildings, the Global Human Settlement Layer (GHSL)42,43 
targeted areas where shadows cast by buildings would occur, 
terrain shadowing problems were targeted using one of four 
Digital Elevation Model (DEMs)44,45,46,47 (four were used to provide 
the best available DEM resolution at any given location) and 
cloud shadows were targeted by first detecting clouds in each 
image. In every case, spectral behaviour over time was the final 
deciding factor. Shadows move over time, while water surfaces 
move far less frequently (even seasonal water can be expected 
in some months, and not at all in others). Visual inspection of 

the water maps identified any scattered residual false detections, 
which were manually removed. Less than 0.002 % (72 km2) of 
the maximum water extent was cleaned in this way. These errors 
were linked to industrial sites, photovoltaic farms and urban 
infrastructure that were not represented in the GHSL data. Some 
errors may still remain in the maps, but their impact is accounted 
for in the map accuracy assessment, or validation step.

The expert system was run in Google’s Earth Engine, a 
computational infrastructure optimised for parallel processing of 
geospatial data. Running the expert system on a single computer 
CPU would have taken 1 212 years, but using 10 000 computers 
in Earth Engine the processing was completed in around 45 days, 
although building, testing and validating the expert system took 
almost two years48.

Figure 2-4.
Diagram of the expert system classifier used to detect water.
Source: Pekel et al., 2016.

Data anomalies.
Although most Landsat scenes are error free, occasional glitches 
do occur. The expert system has to deal with data anomalies, 
such as those illustrated above, as well as detect clouds and 
separate water from all other possibilities.
Source: Jean-François Pekel using Landsat imagery, courtesy USGS/NASA.
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How accurate are the maps?
The accuracy of a map can be measured in terms of its 

geographic qualities (are all objects presented correctly and 
consistently in terms of relative size and position?) and thematic 
content (is the surface water depicted in the map actually surface 
water, or have areas of water been missed (errors of omission?) 
and have areas that are not really water been mapped as water 
(errors of commission?))

The geographic accuracy of the maps in this Atlas are directly 
linked to the orthorectification and remapping processes applied 

to the Landsat imagery used to identify water. The geometric 
accuracy of the Landsat L1T products is such that all objects 
should be placed to within 25 metres of their true position49,50. 

The thematic accuracy was determined by comparing the 
classified water maps with over 40 000 control points, where 
water was confirmed to actually occur at a specific time. These 
control points were distributed across the globe, spanned more 
than three decades, and sampled imagery from all three sensors 
(TM, ETM+ and OLI). Errors of omission overall were less than 

5 %, and errors of commission less than 1 %. Omission for 
seasonal water classes was higher than that for permanent, but 
overall less than 1 % of the points in the validation database 
where water was actually present remained entirely unmapped 
over time (see Figures 2-5 and 2-6). In other words, if the water 
maps say water occurred at a given location at a given time, over 
95 % of the time the map will be right!

a

b

Figure 2-5.
Geographic distribution of validation sample points and errors.
Source: Pekel et al., 2016.

Figure 2-6.
Diagram of the validation protocol used to assess map accuracy.
a. Omission error protocol; b. Commission error protocol.
Source: Pekel et al., 2016.
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A new approach: Capturing time in maps

b. Examples of water occurrence and recurrence for the main water classes mapped by the Global Surface Water Explorer:

a. In any single year of observation, 1 of 3 conditions are possible:

The water-mapping process creates a three-dimensional 
space/time matrix, in which every 30 × 30 m square of the Earth’s 
landmass can be identified as either land or water, month by 
month, stretching back across the entire satellite image archive. 
The dataset used for the maps shown in this Atlas had 418 layers 
(one per month from March 1984 to December 2018 inclusive), 
though not all 30 × 30 m cells in all layers are full. A cell will only 
contain a value if there was a valid observation at that location 
during the month / year in question. If there was a valid observation, 
then the cell will either be registered as a ‘water detection’ or 
as land. As new satellite images are continuously added to the 
archive, new layers are continuously added to the matrix, and the 
Global Surface Water Explorer continues to capture surface water 
dynamics in the months and years beyond 2018.

Some 30 by 30 m locations in the matrix will be classified 
as water every time the satellite observes them – these are the 
permanent water locations, with a 100 % recurrence pattern; typically, 
the world’s stable river channels, the main body of a lake away from 
the shoreline, the permanent ponds in wetlands and the open seas. 
Others are water for some months of the year, but the pattern repeats 
annually – these are seasonal waterbodies with a 100 % recurrence 
pattern. There are also locations where water is more intermittent, 
it may be there for a month or two, or even a few years, but isn’t 
permanent – these are seasonal or permanent water bodies with a 
low recurrence rate. There are also places on Earth that used to be 
water but are now land, locations that were once land but are now 
water, locations that have transitioned from one state to another, and 
finally, we have locations that are always land and never water. 

In this example, seasonal water is present in April, May and June. Seasonal water can 
occur in any month/set of months, but will never be present throughout the year. April, 
May and June are given for the purpose of illustration. It is far more likely that the 
months/set of months will vary somewhat from year to year; the same waterbody 
could contain water in April, May and June in one year, in May, June and July the 
following year, and only April and May the year after that. The Global Surface Water 
Explorer captures this inter-annual variability.

Scenario 1 cannot change. For a waterbody to be truly permanent, 
water must be present on the surface throughout the year and for 
every year of observation. Over time though, permanent waterbodies 
can appear (Scenario 2) or disappear (Scenario 3). Seasonal 
waterbodies (Scenario 4) never have water present throughout the 
year; there will always be some ‘wet’ and some ‘dry’ months. The 
exact pattern of ‘wet’ and ‘dry’ months might be the same year 
after year, but inter-annual variation is more likely. Scenario 4 shows 
inter-annual variability for a fully recurrent seasonal waterbody. 
The seasonal waterbody has a 100% recurrence because ‘wet’ 
months occur every year. But the recurrence pattern by month is 
only 100 % for May, other months have a lower recurrence rate. As 
with permanent waterbodies, seasonal waterbodies too can appear 
(Scenario 5) and disappear (Scenario 6) over time. And of course, 
seasonal can become permanent (Scenario 7), permanent become 
seasonal (Scenario 8). A waterbody, whether permanent or seasonal, 
may not be present every year; wet years may be interspersed 
with dry (Scenarios 9 and 10). All scenarios are illustrative. Any 
combination of start dates, end dates and transitions is possible.
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c. A number of transitions between water and land are possible. These can occur between any two dates:

Visualising time
In the Global Surface Water Explorer (GSWE), the surface 

water dynamics are captured in six unique water maps, each 
of which catches and depicts a different aspect of how surface 
water changes with time:

1. Maximum Water Extent (1984 – 2018)

2. Water Occurrence (1984 – 2018) 

3. Water Occurrence Change Intensity  (1984 – 1999 to 2000 
– 2018)

4. Water Seasonality (2018)

5. Annual Water Recurrence (1984 – 2018) 

6. Water Transitions (First Year to Last Year)

Full details on how each map is made can be found in a 2016 
paper by Pekel et al.51

Scenario Water Transition Water Transition type Real world example

1 Permanent WP > WP Middle of Lake Superior, North America

2 New Permanent L > WP Damming of the Nile River (and creation of Merowe Lake, Sudan, Africa)

3 Lost Permanent WP > L Disappearing lake (Aral Sea, Asia)

4 Seasonal WS > WS Flooded rice field (Po Valley, Italy, Europe)

5 New Seasonal L > WS Margins of an expanding reservoir

6 Lost Seasonal WS > L Disappearing wetlnds (Paraná floodplains, South America)

7 Seasonal to Permanent WS > WP Permanent flooding of a formerly seasonal wetland (damming)

8 Permanent to Seasonal WP > WS Retreating lake (i.e. Razzaza Lake, Iraq, Asia)

9 Ephemeral Permanent WP > L > WP (in any combination) Toshka Lake, Egypt, Africa

10 Ephemeral Seasonal WS > L > WS (in any combination) Lake Eyre, Australia

L = land, WS= seasonal water, WP = permanent water

The same waterbody, geographically speaking, 
can contain cells of various classes, especially 
at the margins of a waterbody. For example, the 
central part of most lakes will fall into Scenario 1, 
‘Permanent’ water, yet the lake margins may well 
fluctuate from month to month, or even year to year, 
thus they could fall into any of the other scenarios.
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How persistent is water on the Earth's 
surface?

The GSWE's Water Occurrence maps provide information 
concerning the overall persistence of water on the Earth’s 
surface. The examples in this Atlas span the period 1984 to 2018, 
though the exact period documented by the Global Surface Water 
Explorer depends on the length of the archive at that point. And 
the archive is constantly expanding. Water Occurrence captures 
both intra- and inter-annual variability. The occurrence is a 
measurement of the water presence (expressed as a percentage 
of the available observations over time actually identified as 
water). This ranges from 0 % (never water), shown as white tones 
in the maps, through to 100 % (truly permanent water) shown as 
purple. Tonal variation from purple to white captures variations in 
persistence over time, with the palest shades being areas where 
water occurs less frequently. 

Q:

Where has water appeared on the Earth’s 
surface?

The Global Surface Water Explorer (GSWE)'s Maximum 
Water Extent (1984 – 2018) maps depict all locations ever 
identified as water in the satellite image archive. The Maximum 
Water Extent map makes no attempt to separate permanent 
features, seasonal water, increases or decreases. This is simply 
a way of visualising where the Earth has had standing water on 
its surface for at least one month – and where it has never been 
inundated for any appreciable length of time. 

Q:

Lake Gregory (Paraku), Australia.
The Lake Gregory system (known as Paraku to the region’s indigenous 
people) is one of Australia’s few natural, (nearly) permanent, lakes. The 
lake is fed by a creek system with its origins in Australia’s humid zone, 
so usually receives enough water to keep it full. Even so, as shown 
by the occurrence map here, the shorelines shift considerably, with 
the persistence of water being far from permanent in the margins. 
As an endorheic lake (a closed system with no outflowing river) the 
levels fluctuate depending on inflow and loss from evaporation. In 
particularly hot, dry years, the water can become saline, though the 
lake is usually classified as freshwater. In 1990 the lake pretty much 
dried out completely, with water only present for a month or so. In fact, 
most of Australia’s lakes, including the largest waterbody, Lake Eyre, 
are ephemeral, only filling in the wettest years.

Mesopotamian marshes, around the confluence of the Tigris and 
Euphrates rivers, northwest of Basra in Iraq.
The marshes (a UNESCO World Heritage Site since 2016) have 
undergone dramatic changes over the past few decades, as draining 
to reclaim land for agriculture, and even to evict people for politically 
motivated reasons, followed by partial recovery (due to political 
change) and prolonged pressure (due to upstream dam building) 
have taken their toll on the extent of this important ecosystem. The 
Maximum Water Extent can be used to map the maximum area of the 
ecosystem’s open water since 1984.
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How much seasonal water and permanent 
water is there in any particular year?

The GSWE's Water Seasonality maps describe the intra-
annual distribution of water. For any given year, these maps 
discriminate between ‘permanent’ and ‘seasonal’ water surfaces. 
A permanent water surface is under water throughout the year, 
whilst a seasonal water surface is under water for less than 12 
months of the year. Some locations don’t have observations for 
all months of the year (e.g. because of the polar night in winter) 
and in these cases water is considered as seasonal if the number 
of months where water is present is less than the number of 
months for which valid observations were acquired. A second 
consideration is lakes that freeze for part of the year. Even when 
the surface is solid, liquid water is still present under the ice layer, 
both for lakes and seas. The classification system used to create 
the water maps treats ice as a non-valid observation, so the 
observation period only corresponds to the unfrozen months. If 
water is present throughout the observation period (i.e. unfrozen 
period), the lake is considered as a permanent water surface. If 
the area of the lake contracts or expands during the unfrozen 
period, then the pixels along the borders of the lake are no longer 
water (or land, depending on the direction of area change) and 
those pixels will be considered as a seasonal water surface. The 
degree of seasonality is shown as variations in blue tones; again, 
white indicates areas that have never been under water during 
that particular year, the darkest blue represents permanent water 
(present for all observed months) whilst tones get lighter as fewer 
observed months show water and the water season effectively 
gets shorter.

  

Q:

Where has surface water occurrence 
increased, decreased or remained constant?

The GSWE's Water Occurrence Change Intensity maps 
show where surface water occurrence increased, decreased or 
remained the same between 1984 and 2018. The direction of 
change and its intensity are documented. The occurrence change 
accommodates variations in data acquisition over time in order 
to provide a consistent measurement. Increasing and decreasing 
surface water occurrence may not automatically translate into 
gains or losses. Just think of the consequences in terms of 
biodiversity. Increases in water occurrence are shown in green 
and decreases are shown in red. Black areas are those areas 
where there was no significant change in the water occurrence 
during the 1984 – 2018 period. The intensity of the colour 
represents the degree of change (as a percentage). For example, 
bright red areas show greater decrease in water occurrence than 
light red areas. Areas that appear grey in the maps are locations 
where there are insufficient observations to compute meaningful 
change statistics.

Q:

Vernal pools, Texas.
Vernal pools are found all across Northern Texas. The majority of these 
are absent from traditional maps. These temporary waterbodies form 
in depressions most years following rains. Fish are usually absent, and 
this missing predator element encourages much other biodiversity in 
these important (temporary) ecosystems.

Saemangeum Seawall, South Korea.
The Saemangeum Seawall is (at the time of writing) the world's longest 
man-made dyke (33 kilometres long). It separates the Yellow Sea from 
the former estuary at the mouths of the Dongjin and Mangyeong rivers. 
The dyke is creating new farmland and a freshwater reservoir - although 
coastal reservoirs such as this don’t in themselves drown land, saltwater 
is swapped for fresh, so has profound impacts on biodiversity. The 
construction of the wall, surrounding infrastructure and new farmland 
are all seen in the decrease in surface water occurrence.
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How much does the surface water pattern 
change from year to year?

The GSWE's Water Recurrence maps measure inter-annual 
variability in water’s presence. They describe how frequently 
water returns from one year to another (expressed as a 
percentage). Unlike occurrence, recurrence is not systematically 
computed over the full span of the satellite image archive, 
because water may not have been present from the beginning 
to the end. A ‘water period’ is first established. This identifies the 
dates when water was first and last observed at any location. A 
‘water season’ is then identified (this is not equivalent to a ‘wet 
season’). The water season is identified as those months of the 
year that sometimes (or always) have water. A ‘water-year’ is a 
year with at least one water observation, whilst an ‘observation-
year’ is a year with at least one valid observation within the water 
season. Water recurrence is then calculated as the ratio of the 
number of ‘water years’ to ‘observation years’. Years that only 
contain observations outside the water season are not counted; 
we have no way of knowing if water might have occurred in the 
water season because we have no observations. The recurrence 
is expressed as a percentage. As the percentage of recurrence 
increases from 1 to 100, the colour changes from bright orange, 
fading into light blue. A recurrence of 100 % means that the 
surface water occurrence (whether a permanent waterbody or 
seasonal) is unvarying over time.

Q:

Where has the location and persistence of 
surface water completely changed?

The GSWE's Water Transition maps document changes 
in water state between any two years of observation. The map 
identifies unchanging permanent water surfaces; new permanent 
water surfaces (the transition from land to permanent water); 
lost permanent water surfaces (the transition from permanent 
water to land); unchanging seasonal water surfaces; new 
seasonal water surfaces (transition from land to seasonal 
water); lost seasonal water surfaces (transition from a seasonal 
waterbody to land); transition of permanent water to seasonal 
water; and the transition of seasonal water into permanent water. 
The maps don't describe what happened in the intervening years. 
Unchanging water surfaces in this map means that the surface 
water class at that particular point was the same in the first and 
last year it was observed, and not that it was stable throughout. 
Stability must be checked by using the recurrence map, the 
occurrence change intensity map or the long-term water history 
captured in the individual layers. Occasionally water isn’t present 
at the beginning or the end of the observation record but does 
appear at some intermediate point in time. These ‘ephemeral’ 
events can be tracked as ephemeral permanent water (land 
replaced by permanent water that subsequently disappears) or 
ephemeral seasonal water (land replaced by seasonal water that 
subsequently disappears).

Q:

Rice fields, pools, lagoons and rivers of the Camargue, France.
Rice has been grown in the Camargue wetlands around the lower 
reaches of the Rhône river since the end of the 13th Century. Most fields 
are in regular use, so although the fields are only open water for two to 
three months of the year, they have similar levels of water recurrence to 
the permanent waters of the Rhône and the surrounding wetland pools.

Lake Poopó, Bolivia.
Lake Poopó, Bolivia, sits at an altitude of around 3 700 m, and is the 
country’s second-largest lake, after Lake Titicaca, which Bolivia shares 
with Peru. Lake Poopó is almost endorheic (there is a small outlet at its 
southern tip) and is very shallow (mean depth is less than 3 m), which 
means its surface area fluctuates greatly within and between years, 
occasionally drying out almost completely. Indeed, the lake disappeared 
completely from 2015 to the end of 2017, but by 2018 it had recovered. 
However, the transition map shows how small the current permanent 
surface water area is compared with the surrounding lost permanent 
water and water that is now only present for a few months of the year.
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The Global Surface Water Explorer overview | https://global-surface-water.appspot.com/  

Standard map 
navigation tools

Summary explanation of the 
selected regional highlight

Dataset selected

Go deeper into the data

Datasets

As discussed in 'A new approach: Capturing 
time in maps' (page 40), there are 6 datasets 
that each catch and depict a different aspect 
of how surface water changes over time.

Clicking anywhere on the map provides exact latitude/longitude coordinates, and access to 
histograms describing the monthly water occurrence plus the year-by-year water history. 
Clicking on the histogram bar for any specific year displays a third histogram depicting the 
entire month-by-month water history for that specific year. The user can then return to the 
full water history to display additional years’ information if desired.

Clicking on the selection of regional highlights at the foot 
of the window centres the map on the particular highlight 
and opens the summary explanation.

Regional highlights 
(see Part 4)

Select the map backdrop

Earth Time-Lapse allows the user to view the surface-water changes over time. 
The time-lapse can be paused on any year to see the particular snapshot.

World Map provides the user with location context as well as an indicaion of terrain.

Satellite adds a detailed backdrop of land use to contextualise the water data.

White presents an unimpeded view of the, often stunning, data.

More than maps
The space/time matrix records the appearance and 

disappearance of water on the Earth’s surface month by month, 
year by year at each location. This full history can be displayed 
for any individual pixel as a temporal profile (see Figure 2-7). 
These profiles highlight specific months/years in which conditions 
change. At any geographic location, three histograms can be 
generated from the profiles. A monthly recurrence histogram 
(2-7a) shows the intra-annual distribution of the water, and 
characterises water seasonality. It also provides information 
on the water recurrence for each month. A water history chart 
shows the class (land, seasonal water and permanent water) for 
each year in which valid observations were acquired (2-7b). The 
month-by-month presence of water and observations within any 
single year can also be extracted (2-7c). 

Finally, water area statistics can be calculated for any 
geographic region. The national, continental and global statistics 
reported in this Atlas are obtained from the occurrence, 
recurrence and transition maps plus the long-term water history 
by combining the maps with the Global Administrative Unit Layers 
dataset (GAUL)52. Area measurements (km2) are reported for:

• maximum surface water occurrence over 35 years (1984-
2018); 

• permanent water in the first year of observation; 

• permanent water in the last year of observation; 

• permanent water with 100 % recurrence; 

• transition from land to permanent water; 

• transition from seasonal to permanent water; 

• transition from permanent water to land; 

• transition of permanent water to seasonal; 

• seasonal water in the first year of observation; 

• seasonal water in the last year of observation; and 

• seasonal water with 100 % recurrence.
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Figure 2-7.
Temporal profiles for an area of the Aral Sea; 
a. Monthly Water Recurrence
b. Full Water History (1984-2018)
c. Monthly Water Presence (i.e. 1 year's record)
The 35-year stack of monthly water classifications 
at the pixel level form the basis of the water 
history. The water history is used to create 6 maps, 
each of which depicts a different facet of surface 
water distribution over time (see above).
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Part 3 - 
Global  
overview

Water, water everywhere?
For the “Blue Planet”, surprisingly little of the Earth’s landmass 
is permanently under water. Less than 2 % of the landmass 
(2.4 million km2) is covered by lakes and rivers that haven’t moved, 
geographically speaking, over the past 35 years. But, during the 
same 35 years, around 90 000 km2 of what were once permanent 
lakes and rivers have completely disappeared, 184 000 km2 of 
what used to be land is now permanently under water, and on a 
seasonal basis more than 800 000 km2 can be covered by water 
for months at a time in any given year. Both the constant and 
changing patterns of the world’s surface water have one thing 
in common: neither is evenly distributed across our blue planet’s 
landmass.

The Siwa Oasis, Egypt is about 80 km long and around 23 km across at the widest point. The oasis 
one of Egypt's most isolated settlements. Landsat 8 image acquired 12 May 2019. Open water 
appears in black and blue tones, and vegetation in green. The image is around 150 km East-West 
(left to right). 
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.
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Global distribution of surface water varies dramatically in space and time

This map shows the global distribution of permanent and 
seasonal wetlands for the year 2018. The permanent waterbodies 
are shown in the darkest blue tones, and depict where water 
was present on the surface throughout 2018. The seasonal 
waterbodies are shown in lighter blue tones. Seasonal water only 
sits on the surface for a few months of the year. The lightest blue 
tones show the shortest inundation periods. 

The patterns shown in the map may not repeat exactly every 
year, though most of the world’s lakes and rivers are in fact found 
in the same place year after year; the ancient lakes such as 
Baikal in Siberia, Tanganyika in Africa’s Great Rift Valley and Lake 
Titicaca in the Andes have existed for millions of years. North 
America’s Great Lakes and the Alpine lakes in Europe are much 
younger, but have still been around for many thousands of years. 
These lakes, and the world’s iconic rivers, such as the Amazon, 
Nile, Mississippi, Yangtze, Ganges, Volga, Danube, Euphrates and 
Murray, make up part of the circa 2.8 million km2 of permanent 
water shown in the map here. The area of seasonal water can 
account for around 40 % of the total surface water area in a 

given year. In 2015, for example, seasonal 
water covered a little over 800 000 km2 of 
the landmass3.

Taken together, permanent and seasonal water 
covers less than 3 % of our planet’s landmass. Forests 
cover ten times this area, as do the combination of grass and 
shrublands4. By some estimates, roads and buildings already 
cover about the same amount of land as is covered by lakes, 
rivers and wetlands5.

The map also shows that surface water is very unevenly 
distributed around the planet. Unsurprisingly, the great deserts of 
the world, such as the Sahara, Gobi and Victoria, are largely devoid 
of surface water features. The tropics are characterised by major 
rivers, whilst the high northern latitudes contain many, many 
thousands of individual ponds, as well as huge expanses of water 
such as the northern reaches of the Great Lakes of North America. 

At the continental scale, another level of asymmetry 
emerges. North America is immensely water-rich; it has around 
36 % of the global surface water area (seasonal and permanent 

combined), but has just 5 % of the human population. In contrast 
Asia, with 60 % of the human population, has just over 20% of 
the surface water and is the world’s water-poorest continent in 
terms of surface water area per person. Africa too has a small 
share of the surface water (9 %) compared with its share of the 
world’s people (16 %). Africa also has the fastest growing human 
population in the world, and will account for more than half of the 
global population increase between now and 20506. 

The map doesn’t show Antarctica, although surface water 
in the form of meltwater lakes7 does occur during the Antarctic 
summer. Unfortunately, there is insufficient imagery throughout 
the early period of the 1984 – 2018 timeframe to apply the 
metrics and methods used in the mapping covered by this Atlas. 
This situation is changing, and regular observation of this most 
southern continent by Landsat8 and the European Copernicus 
Programme’s Sentinels9 has become a reality.

The disparities between population and the presence of surface water.
Shares of global water surface area and human population. 
Sources: water surfaces1; human population2 .

Please note:
1. Data stops at 78° N and 59° S latitudes.
2. Permanent water of the oceans is represented by a blue 

vignette (as opposed to a solid blue fill) to enhance clarity.
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Location of 'Part 4 - Regional highlights':

The Polar Regions  

1 - Lakes, ponds and streams (Antarctica) 
2 - Meltwater lakes (Greenland)

North and Central America

3 - Manicouagan Impact Crater (Canada)
4 - Mississippi River Delta (USA)
5 - The Atchafalaya River (USA)
6 - Lake Mead (USA)
7 - Panama Canal (Panama)

South America

8 - Amazon River (Brazil)
9 - The Pantanal (Brazil)
10 - The Xingu River (Brazil)
11 - The Paraná River (Argentina)

Europe

12 - Alpine lakes (Italy and Switzerland)
13 - The Dombes (France)
14 - Rice fields (Italy)

Russia

15 - Thermokarst lakes (Russia)
16 - The Great Siberian rivers (Russia)

Africa

17 - Merowe Dam (Sudan)
18 - The Sahel, and Lake Chad (West and Central Africa)
19 - The Okavango Delta (Botswana)

South and East Asia

20 - Ramanathapuram (India)
21 - The Pearl River Delta (China)
22 - Poyang Lake (China)
23 - Brahmaputra River (Bangladesh)
24 - The Sundarbans (Bangladesh and India)
25 - Paksong Dam (Laos)
26 - Lake Biwa and Ise Bay (Japan)

Central Asia and the Middle East 

27 - Aral Sea (Kazakhstan and Uzbekistan)
28 - High-elevation lakes (Tibetan Plateau)
29 - The Palm Islands (United Arab Emirates)
30 - Lake Hāmūn (Afghanistan/Iran)
31 - Razzaza Lake (Iraq)

Oceania  

32 - Lake Gairdner (Australia)
33 - The Sepik River (Papua New Guinea)
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Nature and humans cause changes in surface water persistence across the planet

Patterns of Change
This map depicts changes in water occurrence over the 

period 1984 to 2018. The red tones show where water used to 
occur, the green shows where new waterbodies are found and 
the black tones show where things have not changed. Lakes 
and rivers naturally swell and contract, they even come and go 
entirely. Yet 87 % of the Earth’s lakes, rivers and wetlands really 
are permanent, with around 2.4 million km2 of surface water area 
remaining in the same geographic location throughout the 35 
years of mapping. But this still leaves much that has changed. 
Since the 1980s, almost 90 000 km2 of what was once permanent 
surface water have disappeared. And, new permanent surface 
waterbodies covering 184 000 km2 have formed elsewhere in the 
same timeframe. All continents show a net increase in permanent 
water, except Oceania, which has a fractional (1 %) net loss. 
Levels of decrease are more geographically concentrated than 
levels of increase. 

Increases in surface water occurrence
Major hydro-engineering projects such as the 

construction of the Panama Canal (first phase finished in 1913), 
and the Hoover Dam (completed in 1936) have caused localised 
increases in surface water area in the past. Humans are still 
altering surface water occurrence today, and 24 countries have 
each gained at least 1 000 km2 of new permanent waterbodies 
since the 1980s1. Much comes from reservoir construction, with 
most of these countries featuring prominently in the International 
Commission on Large Dams register of dam builders10. 
Reservoirs usually take one of three forms: valley, embankment 
or coastal. Valley reservoirs are created by building a dam across 
a river, embankment reservoirs are created by supplying water 
to a depression via canals or pumps, and coastal reservoirs are 
created in the sea (artificial walls are constructed near river 
1 Russia, Canada, China, Turkmenistan, Brazil, United States, India, Kazakhstan, Argentina, Turkey, 

Peru, Uzbekistan, Myanmar, Indonesia, Australia, Pakistan, Mexico, Vietnam, Egypt, Bangladesh, 
Colombia, Venezuela, Thailand, Mozambique.

deltas and salt water is swapped for fresh, thus coastal reservoirs 
don’t actually drown land11). 

Increasing surface water area is not always linked to dam 
construction. Turkmenistan is one exception; in 1992, this country 
gained over 14 000 km2 of surface water by breaching the dam 
previously built between the Garabogazköl Aylagy lagoon and 
the Caspian Sea12. In recent years the permanent surface water 
area has also increased across the Tibetan Plateau, yet as with 
Garabogazköl Aylagy this has nothing to do with dam building. 
Nearly all the lakes in the region are expanding, and there are 
even entirely new lakes forming. In total, the Plateau has seen an 
extra 8 300 km2 of water appear on the surface since the 1980s 
(a 20 % increase in lake surface area). This expansion has been 
linked to increased run-off from accelerated snowmelt and glacier 
melt caused by higher temperatures and annual precipitation13. 

Please note:
1. Data stops at 78° N and 59° S latitudes.
2. Unchanging water of the oceans is represented by a grey 

vignette (as opposed to a solid black fill) to enhance clarity.
3. The circles and ellipses in the map highlight specific sites 

discussed in the main text.
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Adapting to climate change involves many challenges, including 
grazing land reduction due to inundation, grassland degradation 
linked to an increase in salinity following the expansion of brackish 
waters, and threats to transport infrastructure14. Increases in 
surface water area in coastal regions also occur. These have 
been linked to sea level rises and changes in sediment discharge. 
This can result in significant loss of landmass, for example the 
Sundarbans (India and Bangladesh) have lost around 170 km2 of 
land since the 1980s15 and land in the Mississippi Delta is already 
contracting, with significant drowning of land seen as inevitable 
in the coming years16.

Decreases in surface water occurrence
90 000 km2 is a lot of water to lose. To put this number 

into perspective, just reflect on the fact that Lake Superior (the 
largest freshwater lake in the world, by surface area) only covers 
82 103 km², and Finland, “the land of a thousand lakes” (which 
actually has well over a hundred and sixty thousand lakes17) has a 
freshwater area of less than 35 000 km². Over 70 % of this water 
loss is concentrated in five countries:  Kazakhstan and Uzbekistan 
have lost much of the Aral Sea, with rates of loss being greatest 
between 1994 and 2009. Latterly the disappearance of the Aral 
Sea has slowed, and even partially reversed. Diversion of, and 
withdrawal from, the Amu and Syr rivers that once fed the lake are 
the main causes of loss, but changes in water management give 
hope for stabilisation and partial restoration18. Iran, Afghanistan 
and Iraq have also experienced major losses, having respectively 
56 %, 54 % and 34 % less permanent surface water today than 
in the 1980s. Decreases on this scale raise serious questions 

concerning long-term access to water for the region’s people, and 
highlight the need for informed and careful transboundary water 
management19. The causes of such decreased water occurrence 
are complex, and include multiple factors such as unregulated 
withdrawal, dams that change river flow rates and direction, and 
droughts20. Decreases in Australia21 and the USA22 linked to long-
term droughts can also be seen. Surface water in coastal areas 
can also disappear, partly because of natural movement of sand 
bars and other forms of sediment deposition, but also as a result 
of major land reclamation projects23 such as the construction of 
Hong Kong’s Chek Lap Kok airport (completed 1998), or the Palm 
Islands complex off the coast of Dubai, United Arab Emirates 
(where work started in 2001).

Five countries were most affected by decreasing water occurrence: 
Kazakhstan and Uzbekistan (where the Aral Sea has largely 
disappeared), Iran, Afghanistan and Iraq. The latter three have 
respectively 56 %, 54 % and 34 % less permanent surface 
water area than they had in the early 1980s. Increase is less 
geographically focused with more than 24 countries gaining more 
than 1 000 km2 of new permanent waterbodies since the 1980s. 
Source: JRC/Google Earth Engine team.
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Part 4 - 
Regional 
highlights

Clockwise from top-left:

Lake Gairdner is one of the largest inland salt lakes in South Australia.
Source: Murray Foubister [CC BY-SA (https://creativecommons.org/licenses/by-sa/2.0)].

The Atchafalaya distributary flows away from the Mississippi and discharges a high sediment load into 
the bay area. In contrast to much of the Mississippi Delta, which is drowning, this region's land area has 
increased over the past 30 years.
Source: JRC/Google Earth Engine team.

Panorama of Yamdrok Lake in the Tibetian Plateau.
Source: hao chen on Unsplash.

Brazil's Xingu River, just upstream of Belo Monte, is transformed into a series of geometric shapes and 
sharp-angled bends as the river is constrained by the fracture and fault lines in the underlying rock.
Source: JRC/Google Earth Engine team.

Infinite variety
Every continent has stories that lie behind the beauty and 
diversity of the world’s waterscapes. Sometimes these stories tell 
of human ingenuity on scales from the modest to monumental, 
some tell of human actions where the consequences are apparent 
on an epic scale, and sometimes it's nature that has the first and 
last words.
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Regional highlights

Mapping surface water dynamics in 
Antarctica has to overcome at least 
three challenges. First, satellite image 
archives are historically sparse (though 
improving), second, there is no sunlight 
for many months of the year (no 
sunlight, no optical imagery), third, for 
most of the year all water is frozen 
(Antarctica is the coldest continent on 
the Earth). For these reasons, Antarctica 
has not yet been integrated into the 
Global Surface Water Explorer. However, 
during the Antarctic summer, thousands 
of meltwater lakes, along with channels 
and braided streams, appear. Some 
lakes and ponds can cover many tens 
of square kilometres. These affect 
surface / atmosphere energy exchange 
(the lakes are darker and absorb more 
solar energy), and hydro-fracturing 
induced by the lakes has been linked 
to ice shelf disintegration. Dedicated 
mapping projects, such as the Landsat 
Image Mosaic of Antarctica (shown here) 
and Copernicus Sentinel-2 imagery, are 
being used to map the meltwater lakes1. 
Future editions of the Global Surface 
Water Explorer may extend to these high 
latitudes.

Lakes, ponds and streams 

The Antarctic

90° 00' 00.0" S

00° 00' 00.0" W

1 | Lakes, ponds and streams (The Antarctic)
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Blue ice.
Landsat Image Mosaic of Antarctica (LIMA)’s true-colour imaging highlights 
one of Antarctica’s most fascinating features, blue ice. Larger-than-average 
ice crystals make the absorption of red light (and reflection of blue light) more 
pronounced. As the blue ice is darker, it absorbs more solar energy, which causes 
melting. The blue ice is one source of meltwater streams.
Source: National Science Foundation and the British Antarctic Survey using Landsat imagery, courtesy USGS/NASA.
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*Scale correct at 60° N latitude, although the map 
projection means the scale varies from North to South. 
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During the Arctic summer (June, 
July and August) meltwater lakes 
form at low elevations all around 
the Greenland Ice Sheet. Eastern 
Greenland is much steeper than the 
West, and this topographic difference 
is evident in the distribution of the 
meltwater lakes. There is a far greater 
concentration on the west of the Ice 
Sheet than to the east.  Meltwater 
lakes are important as they bring water 
into contact with previously frozen ice 
beds. The lubrication and warming this 
provides can cause the ice beds to slide 
downslope. Expansion of meltwater lake 
area could thus accelerate rates of ice 
mass loss1, which in turn will accelerate 
sea level rises. Over recent decades 
lakes have begun to form at higher 
elevations, effectively moving inland. 
Rising temperatures will likely see 
the formation new supraglacial lakes, 
bringing water and heat into contact 
with ever greater parts of the Ice Sheet2.

Meltwater lakes  

Greenland

69° 12' 42.7" N

49° 10' 18.4" W

29 August 1985

27 August 2019

30° 00' W

Steep terrain is not conducive to meltwater lake formation.
In contrast to the west coast, Greenland’s eastern shoreline, 
with its steep terrain, is largely free of meltwater lakes. 
Source: Alan Belward.

Meltwater lakes.
The pair of Landsat scenes (from 29 August 1985 and 27 August 2019) provide 
detail of the Greenland Ice Sheet flowing into Disko Bay. The bottom-left corner 
of each image shows how the rocky coastline and broken ice-flow in the bay 
have both expanded into the Ice Sheet. The number, size and distribution of the 
meltwater lakes (the very dark patches) have significantly grown. Both images 
obtained from Landsat (5 and 8). Images are 35 km North-South (top to bottom). 
Location indicated on main map. 
Source: Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.
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Lake Manicouagan in Quebec, Canada is 
one of the world’s largest annular lakes. 
It was formed as the Daniel-Johnson 
dam impounded the Manicouagan River. 
Completed in 1968, the dam flooded 
the depression left by the impact of a 
large asteroid (around 5 km in diameter) 
over 215 million years ago. Surface 
water occurrence in the region has been 
remarkably stable and persistent over 
the intervening decades.
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Daniel-Johnson Dam, Manicouagan River, Quebec, Canada.
The Daniel-Johnson Dam impounds the Manicouagan River and is 
the primary dam forming the Manicouagan Reservoir. It supports a 
major hydroelectric power station called Manic-5.
Source: guyvail [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)].

Oblique view of Lake Manicouagan.
This photograph of the Manicouagan Impact Crater was taken by 
a member of the International Space Station’s crew, Expedition 12, 
from the West of the Lake, looking East, on 3 February 2012. 
Source: International Space Station (ISS), Expedition 12 [Public domain].

Winter view of Lake Manicouagan.
This oblique photograph of the lake was taken during International 
Space Station Expedition 38. It shows the lake in a frozen state 
(typically September to May/June). 
Source: International Space Station (ISS), Expedition 38 [Public domain].
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Changes in upstream river management, 
including dredging, levee and dam 
construction, have led to a reduction 
in the sediment load carried by the 
Mississippi River and thus to the 
sediment discharged into the delta 
area. The consequences of this include 
coastal retreat and the drowning of 
delta wetland areas, which in turn are 
having profound negative impacts on 
the ecology of the region and the way 
of life for many people living in coastal 
Louisiana. Infrastructure and human 
activities linked to timber extraction, 
transport, shrimp farming, fishing, 
hunting, recreation and oil and gas 
exploration are all currently located on 
land that is inexorably vanishing4.
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Mississippi Delta, USA.
This Landsat 5 image from 25 March 1984 shows the Mississippi 
River’s ‘Bird's Foot Delta’. The sediment shows as the lighter blue tones 
(the darker the tone the lower the sediment load). Image is 76 km 
North-South (top to bottom).
Source: Alan Belward using Landsat 5 imagery, courtesy USGS/NASA.



Atlas of Global Surface Water Dynamics | Part 4 – Regional highlights62

Regional highlights

Distributary rivers, which branch 
away from the main stream, are far 
less common than tributaries. As in 
this case, most occur in deltas. The 
Atchafalaya distributary flows away 
from the Mississippi and discharges a 
high sediment load into the bay area. 
In contrast to much of the rest of the 
Mississippi Delta, which is losing land at 
a rate of around 45 km2/yr 5, this region's 
land area has increased over the past 
35 years. However, land building in the 
Atchafalaya subdelta won’t compensate 
for overall land losses, which are likely 
to continue across much of the Delta6.
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5 | The Atchafalaya River (USA)
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Situated on the Colorado River and 
serving the Las Vegas area, Lake Mead 
is over 180 km long when full. However, 
as these maps show, the lake has 
not been full since the early 1980s. 
Prolonged drought and increased water 
demand have led to the contracting and 
shrinking of the lake. Falling water levels 
in the lake can have immediate local 
consequences, such as falling tourist 
visitor numbers, reduced hydropower 
generation and energy cost increases, as 
well as diminishing water supplies in the 
lower river basin, including cross-border 
into Mexico7.
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Lake Mead, Arizona/Nevada, USA.
Lake Mead, created by the damming of the Colorado River by the Hoover Dam, 
is the largest reservoir in the United States in terms of water capacity.  
The white band clearly shows the high water level. 
Source: Nikola Majksner on Unsplash.

The expansion of Las Vegas vs. the contraction of Lake Mead, USA.
These two images show the expansion of the Las Vegas metropolitan area 
and the contraction of nearby Lake Mead that supplies the city with water. 
Images acquired by Landsat satellites on 15 May 1984 and 29 May 2018. 
Images are 45 km North-South (top to bottom). 
Source: Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.
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Almost all the waterscape across the 
Panama isthmus is artificial. The pouring 
of concrete to form the Gatun dam on 
the Chagres River began in 1909, and 
by 1913 this modest natural waterway 
had become the largest artificial lake 
in the world. The newly created Lake 
Gatun was, and is, an essential part of 
the Panama Canal, linking the Atlantic 
and Pacific Oceans. Work on the canal 
has not stopped. The Panama Extension 
project, which began in 2007, saw new 
locks built on both the Atlantic and 
Pacific sides. The new locks opened in 
2016 and can be seen in the surface 
water occurrence change maps. 
The construction of artificial lakes, 
channels and the locks flooded more 
than 475 km2 of land, which profoundly 
changed its biodiversity. Subsequently, 
the introduction of invasive species 
(as part of the sport fishing use to 
which Lake Gatun is put) have further 
damaged the environment8. Because of 
its strategic and economic importance, 
people were largely excluded from the 
canal’s borders, and today a corridor 
of intact tropical forest exists along its 
entire length - the only part of Central 
America beyond the Panama-Colombia 
border where forest traverses the entire 
isthmus9.
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Panama Canal.
Recent lock construction at the Caribbean Sea (Agua Clara Locks) and Pacific 
Ocean ends of the canal can be clearly seen as light green, indicative of 
increasing water occurrence in the latter years of the 2000–2018 period. 
Three rectangular ponds designed to save water by retaining some of the 
water released when ships are lowered can be seen adjacent to the locks in 
the top inset.
Source: JRC/Google Earth Engine team.

A ship passing through the Agua Clara locks.
The dimensions of the Panama Canal’s locks determine the maximum size 
to which many ships are built. These are referred to as Panamax and New 
Panamax vessels. Dimensions are fixed by the Panama Canal Authority, which 
issues regular notices to shipping (each January, or when otherwise required)10.
Source: By Mariordo (Mario Roberto Durán Ortiz) - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/
index.php?curid=82643323
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The city of Manaus sits at the 
confluence of the Negro and Solimões 
rivers that join to form the largest 
river on Earth, the Amazon. Although 
the main channels of the Negro, the 
Solimões (which is often called the 
Upper Amazon) and the Amazon are all 
extremely well defined as permanent 
waterbodies (the Amazon River is at 
least 11.3 million years old11), the 
numerous spits, meanders and oxbow 
lakes are testament to the scale of the 
shifting surface water dynamics. The 
channel of the faster flowing Solimões 
is particularly changeable, as seen in the 
water occurrence change intensity inset. 
Harnessing the physical differences 
between the two rivers' energy levels 
may be used to provide electricity in the 
future12.
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8 | Amazon River (Brazil)
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Amazon tributaries near Manaus, Brazil.
The Solimões, flowing from the Andes, has a very high sediment load (the 
brown water in the photograph), whilst the Negro has a higher dissolved carbon 
content, having flowed through much of the Amazon forest. The two rivers 
flow at different speeds and have different temperatures. The lighter coloured 
Solimões is cooler than the Negro, but flows faster. The denser waters of the 
Solimões flow beside and under those of the Negro, and the two rivers don't 
fully mix until around 100 km downstream from the confluence point13.
Source: Neil Palmer/CIAT [CC BY-SA (https://creativecommons.org/licenses/by-sa/2.0)]
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Situated close to the geographic centre 
of South America, the Pantanal is one 
of the world's largest wetlands. Several 
rivers flow into the shallow depression, 
forming the wetlands. These deposit 
sediments close to the main channels. 
During the rainy season water levels 
can rise by up to 5 metres, which flood 
vast areas, often leaving the sediment 
banks exposed as natural bunds. This 
helps explain why many of the rivers 
appear to be surrounded by lakes, but 
are not actually joined to them. The 
annual flooding cycle is the main driver 
of the region’s ecology. Although overall 
species diversity is neither particularly 
broad nor geographically unique (no 
endemism), the concentration and 
abundance of wildlife is very high (it is 
the world’s richest single wetland for 
bird species for example). Deforestation, 
expansion of cattle ranching, burning 
for weed and pest control all cause 
natural habitat loss in the Pantanal, 
and invasive species, pesticides from 
surrounding agriculture, plus pollution 
from nearby alcohol distilleries add to 
the pressures on this valuable wetland14.
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The Pantanal, Brazil.
Typical scenery of the Pantanal, a flooded grassland and 
savanna ecoregion of south-central South America.
Source: Filipefrazao [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)].

The Pantanal, Brazil.
Detailed view of the Pantanal straddling the border between 
Bolivia and Brazil. Image acquired by Landsat 8 on 28 October 
2019. The image is 86 km North-South (top to bottom).
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.
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The Xingu River, a tributary of the 
Amazon, was the first indigenous 
territory to be recognised by the 
Brazilian government. The river 
meanders for much of its length. 
However, just upstream of Belo Monte, it 
is transformed into a series of geometric 
shapes and sharp-angled bends and 
rapids as the river is constrained by the 
fracture and fault lines in the underlying 
rock. This large river bend supports 
a number of endemic fish species15. 
Two new lakes have formed within this 
major meander of the Xingu following 
the construction of the Belo Monte 
Dam between 2011 and its opening in 
2016. Today the power plant’s capacity 
of 11 223 megawatts makes it the 
fourth largest hydroelectric plant in 
the world16. The lakes have reduced 
the streamflow in the major river bend, 
and flooded former farmland, as well 
as forest. During its construction, the 
dam site drew many workers away from 
farms and ranches, which had an impact 
on the social fabric of communities 
some distance away from the dam and 
river too17. 
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Belo Monte hydroelectric scheme, Xingu River, Pará, Brazil.
Landsat series showing the growth of the Belo Monte Dam, a 
hydroelectric dam complex on the northern part of the Xingu 
River. Brazil's recent rapid economic growth has provoked a 
huge demand for new and stable sources of energy. All images 
are 60 km North-South (top to bottom).
Source: All images Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.
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of main data image 
(Water Occurrence)

Construction of the Belo 
Monte hydroelectric 

complex is well underway.

The Xingu River flows 
freely down to Bel Monte 
in a large meander, 
encompassing the iconic 
geographic flow area.

Construction has ended, 
the waters of the Xingu 
no longer flow freely, 
but are retained in two 
extensive new lakes.
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The Paraná River has a huge catchment 
area that covers much of the southern 
and central part of South America. The 
lower reaches, shown in the map here, 
are characterised by permanent lakes 
and wetlands, which create specific 
microclimates and support a rich 
biodiversity. A number of hydroelectric 
dams have been built in the upper 
reaches of the river, which play a vital 
role in the continent's energy supply 
chain, but they curtail navigability 
and affect river flows, fish migration 
and movement of organic material 
and sediments, which all changes the 
river’s ecology18. The disruptions to the 
historical patterns of water flow and 
increasing floodplain disconnections 
in the lower reaches cause the loss of 
habitats for many species and influence 
the way of life for people living in the 
region as ranching, forestry, hunting 
(subsistence and sport) and fishing 
change19.
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Paraná River floodplain.
Astronaut's photo showing a 29-kilometre (18-mile) stretch 
of the Paraná, just downstream from Goya, Argentina.
Source: By ISS Expedition 27 crew - NASA Earth Observatory, Public Domain,  
https://commons.wikimedia.org/w/index.php?curid=15093216

Itaipu Dam, Paraná River, Brazil/Paraguay.
The Itaipu Dam sits well upstream of the detail shown in 
the water transitions map extract here. The dam, a joint 
undertaking of Brazil and Paraguay, is only one of many, 
many dams (large and small) throughout the Paraná River 
catchment area. Both individually and collectively, such dams 
have an effect on downstream hydrology, sediment loads, and 
ultimately on biodiversity.
Source: By Alicia Nijdam - originally posted to Flickr as Itaipu Dam. Uploaded using 
F2ComButton, CC BY 2.0, https://commons.wikimedia.org/w/index.php?curid=9498017
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Some of the largest Alpine lakes, 
including Lake Maggiore, sit in deeply 
incised glacial valleys. Steep sides 
and abundant river inflow, along with 
abundant rainfall and limited extraction 
rates, give these lakes largely stable 
surface water occurrence patterns. Lake 
Maggiore is over 63 km long and has 
a maximum depth of 372 m. Water at 
the deepest points is likely to remain 
for decades, whilst water at depths 
above 100 m may be resident in the 
lake from 1 to around 4 to 5 years20.  
Lake Maggiore is currently classified as 
oligotrophic (low quantities of nitrogen 
and phosphorous, high levels of oxygen; 
‘good’ water quality), but phytoplankton 
blooms increasingly occur in summer. 
This has been interpreted as a result of 
an increase in the frequency of extreme 
rainfall events, and corresponding 
increases in nutrient washout from the 
watershed21; a warming climate may 
lead to an increase in blooms containing 
‘nuisance organisms’ (not necessarily 
pathogenic, but definitely problematic 
– e.g. affecting the water’s taste, colour 
and recreational use).
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Varenna

Lago di Como

Hermitage of Santa Caterina del Sasso, Lake Maggiore, Italy.
This point on the lake has provided a focus for meditation and contemplation 
since at least the 12th Century.
Source: Gianni Careddu [CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0)].

Lake Como, viewed from Varenna, Province of Lecco, Italy.
These alpine lakes formed at the end of the last ice age, around 10 000 years 
ago. There have been human settlements here throughout recorded history. 
Tourism now flourishes, in addition to long established use as transport networks, 
fishing, and religious centres.
Source: Blake Kelly on Unsplash.
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The soils in this part of southern France 
are predominantly boulder clays. As 
these are impervious, they allow for the 
construction of artificial pools. Pools 
were first built in the 15th Century and 
used to farm fish. Many pools were 
periodically drained and used to grow 
crops, before being flooded once again. 
This practice continues today, and the 
pattern of draining and refilling (on 
average ponds are drained and used for 
cropping every fourth year) gives the 
varied surface water occurrence seen 
here. These artificial ponds, with their 
cyclic drying-out periods, contribute to 
maintaining the region’s biodiversity as 
well as its economy22.
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Working a fishpond in the Dombes.
Generally, each year fishponds are drained to obtain the fish catch, and are then 
refilled from other adjacent ponds. Every four years or so, the pond is left to dry out 
completely, rather than being immediately refilled. The dried-out pond is usually 
used to grow cereal crops.
Source: Azerty44 [CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0)].

Annual Water Recurrence 1984 – 2018.
Although the fish ponds are generally drained every four years or so, the pattern 
of repeated draining and filling is remarkably consistent. This gives rise to high 
recurrence rates of this alternating water/land pattern, which in turn is a major 
factor influencing the region’s biodiversity.
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Rice feeds around half the world’s 
population every day. This staple food 
has its origins in a semiaquatic grass, 
and most cultivated varieties still spend 
most of their time in semi-aquatic 
conditions. Bunded fields (paddy fields) 
are periodically flooded from the time of 
planting until shortly before the harvest. 
Water can therefore be left standing in 
fields for three to six months (depending 
on variety and growing conditions). Rice 
has been grown in Italy’s Po Valley since 
at least the late 1400s23; this is Europe’s 
biggest rice-producing area today. The 
field patterns in the water seasonality 
map for 2018 are defined by seasonal 
paddy flooding. The darkest tones 
(where water is present throughout the 
year) are confined to lakes, storage 
ponds and rivers. Seasonal flooding 
of rice fields has occurred here for 
more than 500 years, but the time 
an individual field is flooded in any 
single year can change, and indeed 
has changed. Over the past 20 years 
dry-seeding has become more common 
in this part of Italy. This technique 
involves sowing into unflooded fields, 
which shortens the persistence of 
surface water by around a month. The 
dry-seeded fields appear palest blue 
in the map, as open-water is present 
for the shortest time.  The widespread 
changes in land management with the 
introduction of dry-seeding caused 
one of the largest reductions in the 
persistence of seasonal surface water 
(in terms of area) seen in Europe this 
century24.

Rice fields  

Italy

45° 22' 12.0" N

08° 19' 12.0" E

08° 00' E 08° 30' E

45° 30' N

14 | Rice fields (Italy)



Part 4 – Regional highlights | Atlas of Global Surface Water Dynamics 81

0 10 km

Water Occurrence
(1984 - 2018)

Sometimes Water Always Water

0% 100%

Water Seasonality
(2018)

Seasonal Permanent

1 1211

Water Occurrence Change Intensity
(1984 - 1999 to 2000 - 2018)

Decrease IncreaseNo Change

Annual Water Recurrence
(1984 - 2018)

0 % 100 %

Water Transitions
(First Year to Last Year)

Permanent

New Permanent

Lost Permanent

Seasonal

New Seasonal

Lost Seasonal

Seasonal to Permanent

Permanent to Seasonal

Ephemeral Permanent

Ephemeral Seasonal 

Rice fields near Livorno Ferraris, Province of Vercelli, Piedmont, Italy.
The repeated (but seasonal) flooding over many years is seen in the 
well-defined field patterns in the Water Seasonality map.
Source: Alan Belward.

Rice fields near Vercelli, Piedmont, Italy.
False colour infrared image acquired by a Sentinel-2 satellite on 30 May 
2019. Vigorously growing vegetation appears red in false colour images, 
whilst flooded rice fields with no apparent crop growth appear almost 
black. The purple tones are where some vegetation has grown. Urban 
areas appear as light grey to white. The image is around 11 km North-
South (top to bottom). The approximate area of the Sentinel image is 
shown in the bounding box on the map.
Source: Alan Belward using Sentinel-2 imagery, courtesy EU Copernicus Programme.
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Vast tracts of land at high latitudes 
have been frozen, if not permanently, 
then nearly so, for thousands of years 
– the permafrost zone. During the sub-
polar summer, warming soil melts the 
ground ice, and lakes form. The water 
in turn accelerates the thawing, and 
the lake expands. Occasionally lake 
bottom or lake wall subsidence will 
cause the thermokarst lake to empty, 
draining into surrounding waterbodies 
that make up palsa mire and palsa bog 
landscapes. (A palsa is an ice lens below 
the soil surface. When these melt, a 
depression forms that subsequently 
fills with water). Palsa bogs are a clear 
surface indicator of permafrost. They 
are also a good indicator of climate 
change, as expanding thermokarst lakes 
are associated with warmer conditions. 
The permafrost zone currently contains 
twice as much carbon as the Earth’s 
atmosphere. Thawing permafrost 
releases this previously stored carbon, 
much in the form of methane, a potent 
greenhouse gas25, and this feedback 
could increase rates of climate 
warming26.
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Palsa lakes.
A group of well developed palsas as seen from above. 
Ice lenses are responsible for palsa growth.
Source: Dentren at English Wikipedia [CC BY-SA 3.0].

Thermokarst lakes.
Similar patterns of permafrost lakes occur across the Permafrost Zone, 
including North America, as seen in Hudson Bay, Canada in 2008.
Source: Steve Jurvetson [CC BY (https://creativecommons.org/licenses/by/2.0)].
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The Ob’, Lena and Yenisei are the three 
great rivers that flow across Siberia 
into the Arctic Ocean. Among the world’s 
longest rivers, all three catchments 
traverse expanses of permafrost, and 
their deltas are frozen for many months 
of the year. This combination creates 
some of the most striking waterscapes 
in the world, but also waterways that 
are vital to the social and economic 
life of the peoples who live there and 
to the natural world, some of which 
is protected, such as the Lena Delta 
Wildlife Reserve. The richness of the 
region’s biodiversity extends well 
beyond the familiar, such as the Arctic 
Fox27, to include species of fungi28 and 
bacteria29 that are important for healthy 
ecosystem functioning and for the 
carbon cycle.

The great Siberian rivers

Russia

Lena Delta shakes off winter.
After seven months encased in snow and ice, the delta emerges for the short Siberian summer.
Source: Joshua Stevens using MODIS and Landsat imagery, courtesy NASA (MODIS) and USGS/NASA (Landsat).
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For millennia, the River Nile flowed 
freely across the river’s six cataracts. 
One of these, the band of rocks and 
boulders crossing the river in the 
Manasir Desert, was one of the least 
navigable sections of the entire river. 
But between 2003 and 2009, this 
stretch of white-water drowned in the 
backwaters of the newly constructed 
Merowe Dam. The dam created a lake 
over 174 kilometres long. At peak output, 
the dam’s hydroelectric powerhouse 
can generate as much electricity as 
the rest of North Sudan’s electricity 
generating infrastructure combined. But, 
in addition to drowning the cataract, the 
dam drowned archaeological artefacts 
and fertile land along the river’s banks. 
And as the river turned into a lake, 
some 50 000 people were displaced30. 
The full extent of the Merowe reservoir 
can be seen in the water occurrence 
change intensity map. The line followed 
by the original river channel is clearly 
visible (in black, as there is no change 
in occurrence intensity; the river was 
surface water before the dam was 
constructed, and those same geographic 
locations are still water, albeit now in a 
lake rather than a river).
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Merowe Dam, Sudan.
The Merowe site is Sudan’s largest hydropower plant, 
with a capacity of 1 250 MW.
Source: Sudani [Public domain].

The position of the concrete 
dam can be seen here in red 
(i.e. a 100 % water decrease).

The original river 
channel is clearly 

visible in black 
(i.e. no change).
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Merowe Dam, Sudan.
Top: The Nile flowing freely across the river's fourth cataract 19 May 2002.
Bottom: The Nile flows into a lake that has only existed for the past decade, 15 May 2018. 
The images are 66 km North-South (top to bottom).
Source: Both images Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.

Relocation of people prior to flooding.
Ahead of the flooding of the Merowe Dam, the 
Manasir people were relocated from Dar al-Manasir, 
their villages were destroyed, and compensated 
palm trees were partly uprooted and burned to 
prevent them from returning.
Source: David Haberlah at the English language Wikipedia [CC BY-SA 3.0].
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Pre Global Surface Water Explorer, accurate 
maps of surface water occurrence were 
particularly rare in parts of the world 
where surface water resources are 
themselves rare; mapping small (and often 
temporary) features over large areas is 
both challenging and costly. This map 
shows water recurrence patterns for the 
few lakes around the city of Tahoua, in the 
Sahel zone of Niger. Tahoua is one of the 
country’s major cities, and the hinterland 
supports both farmers and pastoralists, but 
is largely devoid of surface waterbodies. 
Animal husbandry accounts for over 
40 % of agricultural GDP in the Sahel and 
West Africa31. Knowing where and when 
surface water resources occur, such as 
in the regularly appearing but seasonal 
waterbodies near Tahoua, allows for 
better use of grazing lands by enabling 
herders to plan the movement of cattle 
between watering points and to identify 
places where additional investment 
in surface water storage is needed. 
Increasing demand from irrigation scheme 
expansion and population growth reduce 
water availability32. Cimate change and 
associated reductions in water resources 
will add to pressures on pastoralists 
and crop-producing farmers alike, and 
may exacerbate conflict between the 
communities33. In places of surface water 
scarcity, such as the Sahel, knowing when 
and where water will occur can make the 
difference between life and death. High 
recurrence when mapped over 35 years 
means a high probability that seasonal 
waterbodies will return year after year – 
which is definitely good to know.
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Lake Chad in 1963.
In the 1960s Lake Chad’s open water surface covered an area of more 
than 24 000 km2. The image is 230 km North-South (top to bottom).
Source: Jesse Allen using declassified Corona imagery, courtesy USGS.

Lake Chad Water Seasonality (2018).
Lake Chad is (still!) the largest surface waterbody in the entire Sahel (the semi-arid lands 
running from the Atlantic to the Red Sea along the southern border of the Sahara Desert). 
But today, open water covers less than 10% of the area it covered in the 1960s. The major 
contraction in lake size occurred due to a lack of rainfall in the 1970s34, though increasing 
irrigation withdrawals have also been implicated35. Much of the lake basin was entirely 
devoid of surface water in 2018. Open water was present throughout the year in only a 
small part of the south basin, mainly in Cameroon and Chad. The lake is shared by Niger, 
Chad, Cameroon and Nigeria, and supports the livelihoods of some 20 million people. Its 
importance is such that plans have even been advanced (although not implemented) to refill 
the basin by damming the Ubangi River in the Central African Republic, and transferring the 
water via canals to Lake Chad36. This extract from the water seasonality (2018) map covers 
the same area as the satellite image shown above.
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The Okavango River ends in a shallow 
land basin in Northern Botswana. Each 
year, the river’s inland delta floods, 
forming temporary lakes and swamps. 
An endorheic basin, the Okavango 
Delta retains its water until it dries out 
through evaporation and transpiration; 
there is no outflow to rivers or oceans. 
The flood pulse moves slowly. Rains 
falling at the source of the Okavango 
River (in the Angolan highlands over 
1 200 km distant) in November-April (the 
wet season) take months to reach the 
delta’s panhandle and spread throughout 
the basin. Maximum flood extent occurs 
some four to six months after the 
main rains (August-September)37. The 
resulting marshlands and seasonally 
flooded plains provide unique habitats. 
The Delta was the 1 000th site to be 
officially inscribed on the UNESCO World 
Heritage List. The flood pulse means 
the region integrates both aquatic and 
terrestrial habitats, with contrasting 
timing in their peak productivity, which 
is a major factor behind the delta’s 
biodiversity richness38. 

The Okavango Delta 
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The Okavango Delta, Botswana. 
Aerial shot of the Okavango River at Shakawe, Botswana.
Source: Wynand Uys on Unsplash.

Landsat 8 images of the lower panhandle area of the Okavango Delta 
acquired in northern Botswana’s wet and dry seasons (usually November-
April and May-October repectively). 
The terrestrial habitats are at their lushest green in the wet season, whilst 
paradoxically the open surface water extent in the delta (the darkest tones in the 
image) is at its maximum during the dry season, when the surrounding land has 
lost its green tinge. Images are around 80 km North-South (top to bottom).
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA, wet season 17 January 2019; dry season 
29 August 2019.
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Earthen barriers, or bunds, constructed 
across the slope are used to intercept 
surface runoff and collect monsoon 
rainwater so it can be used in the 
following dry periods. The resulting tanks 
are common throughout much of rural 
Tamil Nadu. Most villages, and even 
some individual farms, have this water 
storage system. Some are stand-alone 
structures, others part of complex chains 
or cascades. The persistence of water 
in individual tanks varies for reasons 
including rainfall and runoff rates, 
evaporation rates, the permeability of 
the underlying soils and geology as well 
as local management, e.g. silting of 
the tank bed, bund leakages, rates of 
use, and release to tanks further down 
the chain. The tank system has been a 
feature of the landscape/waterscape 
for centuries, though numbers are 
declining, partly because of physical 
changes (such as silting), partly because 
alternative supplies (such as wells) 
are being used, and partly because the 
village institutions responsible for tank 
management are disappearing. However, 
tank conservation and rehabilitation 
is becoming increasingly important if 
groundwater depletion is to be avoided 
and to deal with changing predictability 
of the monsoon rains39.
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Earthen barriers, or bunds. 
Whilst earthen bunds are common, some dam constructions are more 
substantial. Here we see the fixing of a liner over earthen barriers.
Source: Synjagu [CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0)].

Time is the missing dimension. 
The individual dams can be seen in this Landsat 8 image from 2 May 
2019, but without time, the characteristic crescent shapes of the 
filling and emptying reservoirs behind them are not apparent. The 
image is 25 km North-South (top to bottom).
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.
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China's Pearl River Delta is now the 
largest contiguous urban region in the 
world, bordered by at least 8 cities, 
each of which has more than one 
million inhabitants. These include two 
megacities, Guangzhou and Shenzen, 
with populations over ten million people 
apiece. Collectively, the 8 largest 
cities alone were home to over 47.6 
million people in 2018, and this is set 
to reach over 57.7 million by 203040. 
The construction of new housing, port 
infrastructure and other developments 
have led to significant changes in 
the coastline over the past 35 years. 
The effects of land reclamation, the 
conversion of former paddy fields and 
aquaculture into urban areas, and 
the construction of new aquaculture 
along the coastal margins can all 
be seen in the changing patterns of 
water occurrence. Coastal wetlands 
have disappeared, indeed so too have 
many coastlines41. Complete loss of 
coastal wetland ecosystems due to land 
reclamation, and declining water quality 
(including from aquaculture, agriculture 
and urban sources) occur throughout the 
region, leading to widespread ecological 
degradation42.
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Guangzhou, China, as seen from Liede Bridge.
Guangzhou is one of the world’s megacities. This city, at the 
heart of the Pearl River Delta Economic Zone, was home to 
well over 12.6 million people in 2018, and this is set to rise 
to over 16 million by 2030.
Source: Lycheeart on Unsplash.
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Poyang Lake is the largest freshwater 
lake in China. It drains into the Yangtze 
river to the north. The lake’s area 
changes dramatically year by year, as 
seen in the significant variations in 
water occurrence. The lake is a crucial 
biodiversity hotspot, yet much is under 
threat. The lake itself is gradually 
shrinking, which weakens the ecosystem 
services the lake provides, such as 
winter habitats for migrating birds43.
Furthermore, the human population 
in the vicinity is growing, which puts 
increasing pressure on the lake. 
Nanchang, the capital city of Jiangxi 
province, situated on the banks of the 
River Gan (which flows into Poyang 
Lake), had a population of 895 000 
in 1986. By 2018 this had risen to 
3 373 000, and is set to increase by 
another million by 2030. Nanchang’s 
physical expansion to accommodate all 
these people has had dramatic effects 
on the River Gan and the surrounding 
waterways; sandbanks have gone, rivers 
are embanked and bridged, lakes and 
paddies drained.
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Approximate extent of built-up areas in:

1986

2018

The city of Nanchang, China, as seen by Landsat satellites in 1986 and 2018.
Since the 1980s, Nanchang has experienced rapid expansion of its urban 
infrastructure. The built-up area has increased fourfold, as agricultural land 
has been lost to urbanisation. The rivers and lakes play a vital part in the 
city’s economy and transport infrastructure. As the urban area expands and 
more people use the waterways, water pollution prevention strategies and 
infrastructure become ever more important.
Source: Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.
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The Brahmaputra River has a large 
drainage area that originates in the 
Himalayas and discharges into the Bay 
of Bengal. Other major rivers beginning 
in the Tibetan Plateau and Himalayas 
include the Irrawaddy, Ganges, Indus, 
Yellow, Yangtze, and Mekong. These 
rivers support around 25% of the global 
population and all are characterised 
by regular periods of flooding, with 
occasional exceptional flood events. 
The river is fed by spring glacier and 
snow melt in the Himalayan mountains 
and by monsoon rains (May to October). 
The large discharge (19  830 m3/s at the 
river’s mouth44) and heavy sediment 
load cause a great deal of instability, 
and its channels frequently migrate 
laterally in the river’s lower courses. The 
occupied channels and those that have 
been abandoned over the past 35 years 
are seen in the different degrees of 
water occurrence in the maps. These 
long-term and short-term channel 
migrations give rise to the characteristic 
braided river system shown here. The 
river often floods45, and all too often 
these floods are lethal; the 2017 
flooding, for example, caused around 
1 200 deaths, along with extensive loss 
of cropland and infrastructure46.
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Brahmaputra River, Bangladesh.
Brahmaputra River at low water (March) and high water (September) in 
2018 (Assam State, India). The Brahmaputra Valley in Assam is between 35 
and 90 km wide47, and the river’s floodplain has to accommodate enormous 
annual changes in river width, with flooding a very common occurrence. 
Periodic flooding replenishes the river valley’s soils, but more extreme events 
cause extensive loss of life and destroy millions of homes48. Both images are 
66 km North-South (top to bottom). 
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.
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The land just beyond the confines of 
the Sundarbans (the world's largest 
mangrove forest and a UNESCO World 
Heritage Site) is intensively farmed. 
Over the past 35 years many of the 
fields have been converted to fish ponds 
and the area of land persistently under 
water has increased49. This change may 
be due to conscious land use choices, 
but may also be driven by necessity 
as the paddy field water and soils 
become increasingly saline with rising 
sea levels and subsiding delta lands50. 
These processes not only threaten the 
farmland but they pose significant risk 
to the region’s iconic biodiversity (such 
as the Bengal tiger (Panthera tigris), 
and essential ecosystem services, such 
as storm surge and flood protection. 
Infrastructure such as waterways 
for transport and jetties are also 
threatened51. The physical, biological 
and socio-economic futures of this truly 
irreplaceable, unique coastal ecosystem 
are thus increasingly being brought into 
question.
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Farmhouse in the Ganges Delta.
Rising sea levels and subsidence in the delta region endanger 
agriculture and deny people space to live. Homes such as this 
are under threat from rising waters.
Source: Arne Hückelheim [CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0)].
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16 March 2017

7 February 2018

15 November 2018

25 | Paksong Dam (Laos)

Dam building on the Xe Namnoy River, Laos, reaches its 
final stages.

Dam construction is completed and the artificial lake 
feeding the Xe-Pian Xe-Namnoy Power Company 
Hydroelectric power station has filled.

The artificial lake has largely emptied following the 
catastrophic failure of one of the saddle dams. Widespread 
destruction of vegetation and silt deposition can be seen 
all along the banks of the tributary flowing from the ruined 
saddle dam. The area of drowned land can also be seen in 
the now largely empty reservoir.

These images are all natural colour composites. Open water 
surfaces appear black in all images, growing vegetation shows 
as green, whilst senescent and very sparse vegetation appears 
in brown tones. The construction site, as the dam is being built, 
appears as light grey; it is a mixture of bare soil and concrete 
surfaces. This is seen in the image acquired 16 March 2017.  
Once the lake emptied, the freshly exposed land, now denuded 
of vegetation, shows as dark red and brown tones; this is seen in 
the image acquired on 15 November 2018. Note how much of the 
green vegetation along the watercourse has been washed away, 
and in the 15 November 2018 image appears in the same grey to 
lilac tones as the construction site. All images are 17.5 km North-
South (top to bottom).
Source: All images Alan Belward using Landsat 8 imagery, courtesy USGS/NASA. 

The 2018 dam collapse captured in time-lapse.
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In 2013, work began on a new 
hydroelectric project on the Xe Namnoy 
River running through the Dong Hua Sao 
National Biodiversity Conservation Area, 
in Champasak Province, southern Laos. 
By 2017, the work on the main dam, 
along with auxiliary saddle dams, was 
complete, and another artificial lake had 
filled.  On the evening of 23 July 2018, 
the saddle dam on a tributary stream 
feeding the nearby Vang Ngao River 
collapsed. The resulting flash flood left 
at least 70 people dead, displaced many 
thousands and destroyed crops and 
property up to 80 km away. The Global 
Surface Water Explorer captured this 
cycle of filling and emptying, which can 
of course in no way compensate for the 
devastation and suffering experienced 
by the local people. But it does at least 
provide a permanent, undisputable 
record of this catastrophe.
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One year later, a new saddle dam was built about a 
kilometre below the failed structure, and the lake has once 
more filled. The damage along the tributary river’s banks 
is still apparent.

Contains OpenStreetMap.org data © OpenStreetMap contributors, CC-BY-SA.
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Lake Biwa is Japan’s largest freshwater 
lake, covering 674 km2.  The Water 
Occurrence Change Intensity map 
shows that the lake’s margins have 
been remarkably stable over the past 
35 years. This is no surprise, as Biwa 
is one of world’s oldest lakes and has 
existed for at least 4 and possibly 6 
million years52. Lake Biwa lies in a major 
manufacturing region, and is directly 
upstream from the cites of Kyoto, 
Osaka and Kobe. The lake has come 
under pressure as a result, with regional 
agriculture, municipal, hydroelectric 
and industrial demands taking a toll. 
However, water quality is now improving 
and recreation and tourism too are 
prospering, though biodiversity has yet 
to fully recover53. Biwa’s stability from a 
boundary change perspective contrasts 
sharply with Ise Bay, home to the port 
of Nagoya, one of Japan’s busiest ports. 
Nagoya Port marine infrastructure 
expansion has seen water occurrence 
decrease throughout the bay. This 
pattern of expanding infrastructure and 
reduction in surface water occurrence 
can also be seen in Japan’s other 
major ports of Kobe, Osaka, Tokyo 
and Yokohama. These ports, including 
their land reclamation programmes, 
play a crucial role in the economies of 
the nation and also exert significant 
influence on the urban development 
patterns for three of Japan’s largest 
metropolitan areas, collectively home to 
some 65 million people54. 

Lake Biwa and Ise Bay 

Japan
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Otsu city and the southern end of Lake Biwa.
Lake Biwa lies in an important manufacturing region. 
Industry, agriculture and metropolitan growth have all put 
pressure on this ancient lake.
Source: G. P. Witteveen. This file is licensed under the Creative Commons Attribution-
Share Alike 4.0 International license.

Nagoya Port in Ise Bay seen from the air and from 
Landsat satellites (14 January 1988, 6 January 2020).
Land reclamation has occurred throughout the bay. New 
infrastructure can be seen when comparing the two Landsat 
scenes, acquired 42 years apart. Both Landsat scenes are 
32 km North-South (top to bottom). Scope of photograph 
indicated on the main map.
Source: 663highland [CC BY-SA (http://creativecommons.org/licenses/by-sa/3.0/)], 
Landsat scenes Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.
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Once one of the world's largest lakes, 
the Aral Sea used to be fed by two main 
rivers, the Amu Darya and Syr Darya. 
By the 1960s much of the water from 
these was being diverted to irrigate 
freshly established cotton fields. As 
a consequence, the Aral Sea began 
to contract. In the early 1980s the 
lake was still largely one contiguous 
waterbody (albeit smaller than the 
original), but by the mid- to late-2000s 
it had been transformed into separate 
residual lakes, covering only 10 % of its 
former area55. Water loss by evaporation 
in this location outstrips recharge 
from precipitation, groundwater flow 
and snowmelt, so in the absence of 
sufficient river recharge the lake not 
only contracted and divided, it also 
increased in salinity. In some locations 
salinity levels reach 100 grammes/
litre (on average, seawater contains 
35 grammes/litre). Disappearing lake 
habitats and increasing salinity have 
led to significantly reduced biodiversity, 
collapse of the region's fishing industry 
and dust/salt storms from the newly 
created Aralkum desert56. There is some 
partial recovery in the north, following 
completion of the Kokaral dam in 2005. 
Water levels in the northern part of 
the lake are rising and salinity levels 
falling57.
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Aral Sea.
Extensive water withdrawal from the Amu and Syr rivers that once fed 
the lake is the main cause of loss, but changes in water management, 
where less is abstracted and less diverted, give hope for stabilisation 
and partial restoration of the lake in the coming years. Approximate 
scope of photograph indicated on the main map.
Source: Patrick Schneider on Unsplash.

Water histories for points in the southern and northern parts 
of the Aral Sea (exact locations given in the charts).
Permanent water was last seen at this point in the southern Aral 
Sea in 1994; it has never returned. In comparison, permanent 
water disappeared in the north in 1986, and 20 years later 
permanent water returned for good, bringing positive outcomes 
for biodiversity and people58.
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Lakes throughout the Tibetan Plateau, 
which is part of a major endorheic basin, 
have expanded in size over the past 
35 years. The growth in surface area of 
such lakes has been linked to increases 
in annual precipitation and temperatures 
in the region, both of which are 
subsequently linked to increased run-off 
from accelerated snow and glacier-
melt. The expanding lakes reduce the 
availability of grazing land, as some 
disappears entirely under water and 
some is damaged by salination caused 
by brackish water; the expanding lakes 
also threaten roads and railways59.
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Lake Nam (Namtso), Tibetan Plateau.
Lake Nam (Namtso) is a mountain salt lake, at an elevation 
of 4  718 m, born in the Paleogene age as a result of 
Himalayan tectonic plate movements.
Source: Photo by Mèng Jia on Unsplash.

Siling Lake, Tibetan Plateau.
Siling Lake viewed by Landsat 8, 14 June 2019. The image 
is 88 km North-South (top to bottom).
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.

ˇ
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The Palm Islands were built using 
millions of tonnes of rock to make 
breakwaters and subsequent infilling 
using sand dredged from the seabed. 
This began in 2001 and has created 
over 500 km of new coastline. Variations 
in decreasing water occurrence are 
indicative of the different lengths of 
time it took to build the islands; the 
brighter red tones are indicative of 
more recent transitions from water to 
land. The Palm Islands are not unique. 
Many countries bordering the Persian 
Gulf have created artificial islands, 
including the United Arab Emirates, 
Qatar, Oman, Kuwait and Bahrain. 
Most are constructed using the same 
technique as with the Palm Islands, but 
some are made by cutting waterways 
into the coast60. Tourism is a primary 
motivation for the construction, with 
iconic hotels (such as the Burj Al Arab, 
sitting on its own artificial island) 
offering alternatives to heritage, 
religious and more conventional beach 
tourism61. As a largely enclosed sea, 
the Persian Gulf is highly susceptible to 
pollution. Commonplace sources, such 
as oil and waste dumping from shipping, 
are now competing with in situ human 
interference in the form of artificial 
islands. These bring people (and their 
waste) into direct contact with what 
was exclusively a marine environment, 
they remove natural seabed and coastal 
habitats62 and alter patterns of coastal 
deposition, nutrients, currents, specific 
heat capacity and wave movement63. 
Paradoxically, these newly built islands 
are at risk from rising sea levels, storm 
surges and extreme weather associated 
with climate change64.
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29 | The Palm Islands (United Arab Emirates)

Properties fringe the artificial beach in Dubai, UAE.
Luxury hotels and ‘hyper-real’ landscapes are part of 
the region’s strategy to boost new forms of tourism.
Source: Christoph Schulz on Unsplash.
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'The World' group of islands, Dubai, UAE.
Taken in April 2015, the image shows the newly constructed archipelago 
of undeveloped islands. Sand was dredged from the shallow coastal sea 
bed and pumped to create the islands, protected by long rock breakwaters 
(discontinuous to prevent stagnation) as seen in the inset below.
Source: By Zlatko - Own work, CC BY-SA 3.0, https://en.wikipedia.org/w/index.php?curid=46566985.
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Surface waterbodies in endorheic basins 
are particularly susceptible to changes 
in anthropogenic water management 
and climate. Until recently, Lake Hāmūn 
was a true oasis, offering surface 
water in a region otherwise devoid 
of such. A combination of drought, 
water extraction for irrigation and the 
upstream extraction of water from 
the Helmand River for crop irrigation 
have pretty much extinguished the 
wetlands. The effects have been 
extremely damaging for human life and 
broader biodiversity, including plants, 
fish, megafauna and many species 
of migrating birds. These losses raise 
serious questions concerning water 
security, and emphasise the need for 
transboundary water management and 
water treaties, including the role of 
environmental water rights65.
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Lake Hāmūn, Afghanistan/Iran.
The dried-out bed of Lake Hāmūn, near Zabol, close to the border between Iran 
and Afghanistan. The only surface water visible in the scene is the black balloon 
shapes of the reservoir complex, seen in the lower-centre part of the scene. The 
image is 158 km North-South (top to bottom).
Source: Alan Belward using Landsat 8 imagery, courtesy USGS/NASA.
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Regional highlights
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Razzaza Lake, lying to the southwest 
of Baghdad, is fed via a canal from 
its smaller northern neighbour, Lake 
Habbaniyah, which in turn fills from the 
Euphrates River. Until the early years 
of this century, Razzaza was Iraq’s 
largest freshwater lake. Increased water 
abstraction from the Euphrates and 
Habbaniyah in recent years (mainly for 
crop irrigation) means less excess water 
flows onwards into Razzaza, and as a 
consequence the lake is rapidly drying 
up and becoming increasingly saline66. 
Much of the lake has vanished since 
2000. The contracting lake is losing its 
fish stock and diversity, along with its 
plant and bird life. The land degradation 
around (and increasingly in) the lake 
significantly and negatively affects 
both biodiversity and human well-being. 
Livelihoods from recreation, fishing and 
farming are all in sharp decline with 
only one species of fish reported as 
remaining in the lake67 - though desert 
fauna and flora thrive on the newly 
exposed land.

Razzaza Lake 

Iraq
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Contracting Razzaza Lake.
This series of three images were acquired by Landsat satellites on 12 April 1984, 7 March 2000 
and 13 June 2018. Open water appears black in these satellite images. As the lake dries out, the 
surface water area contracts to the point that former islands are now connected to the mainland, and 
entirely new islands have formed. This pattern of retreat is captured fully in the accompanying water 
occurrence map. The images are 74 km North-South (top to bottom).
Sources: All images Alan Belward using Landsat 5 and 8 imagery, courtesy USGS/NASA.
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Episodic inundations can create lakes 
of considerable size that only last 
for a season and don't appear on an 
annual basis, such as Lake Gairdner 
in Australia, which is over 150 km in 
length. The lake is a hotspot for bird 
biodiversity68. Plant biodiversity is 
relatively low69, which is unsurprising 
given the arid conditions and saline 
nature of the lake bed. The intricate 
pattern of water occurrence mapped 
here shows how spatially complex such 
ephemeral flooding can be. A system of 
low-lying, gently rolling red sand hills 
creates a system of interconnected 
creeks. These low-lying areas are 
the first to fill with water following 
rain, and remain full for longer than 
surrounding higher ground. This creates 
the rib-like appearance of the water 
occurrence map. The lake contains 
extensive saltflats, which are used 
for annual motor vehicle races70. The 
region’s indigenous population, the 
Gawler people, attach great cultural 
and ecological significance to water 
across this landscape and have the 
right to access and use water on and in 
the land71.

Lake Gairdner 

Australia
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Lake Gairdner, South Australia, Australia.
Lake Gairdner’s extensive salt flats are used for straight line racing of 
cars, motorcycles and trucks during an annual ‘Speed Week’. The lake 
also falls into the Gawler Ranges Native Title Claim Area, which assigns 
multiple rights to the indigenous Gawler People.
Source: Murray Foubister [CC BY-SA (https://creativecommons.org/licenses/by-sa/2.0)].

Maximum Water Extent.
Lake Gairdner fills from local drainage and never has water all year round - it is always seasonal. 
The lake is usually at its fullest in the cooler, wetter months of June to September, though rainfall 
here is among the most variable in timing, duration and intensity of any arid region in the world72, 
so this is not always the case. The ‘ribs’ shown by the water occurrence in the main map confirm 
that not all the lake basin fills each year. However, the Maximum Water Extent, shown here, 
confirms that, over time, the entire basin does indeed fill.
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Regional highlights

The Sepik River drains from the New 
Guinea highlands to the Bismarck Sea 
on Papua New Guinea’s northern coast. 
This near pristine river73 flows from 
mountain ranges down through low-
lying regions, where it supports many 
indigenous communities, dependent both 
on the natural resources the river and 
its surrounding forest lands provide, 
plus its profound spiritual value74. The 
people who live on the Sepik River face 
threats both from nature and from 
industry; the rainy season is always 
accompanied by rising river levels and 
flooding, but severe floods can (and do) 
remove the very land on which villages 
stood; the upper reaches of the river 
pass near gold and copper fields, and 
mine development (which is already 
well advanced) is potentially a source of 
social conflict and cultural migration75 
as well as destruction of landscapes and 
river ecosystems76.
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33 | The Sepik River (Papua New Guinea)

Men's house (or cult house) belonging 
to the Crocodile Clan of the Iatmul 
people, Tambunum village, middle 
Sepik River.
Public buildings and homes are usually 
built on stilts to accommodate seasonal 
fluctuations in water levels and provide 
wind protection.
Source: Eksilverman [CC BY-SA (https://
creativecommons.org/licenses/by-sa/4.0)].

Female figure, dating from 19th to early 
20th Century; East Sepik Province, coastal 
Sepik River.
The figure is made from wood, human hair, 
conus and nassa shell, rattan and pigment. 
The cultural integrity of the Sepik River’s 
peoples is under threat from both natural 
and anthropogenic processes.
Source: Daderot [CC0].
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144° 00' E

Housing in Yejemagwa village, Sepik River system.
The physical environment (including seasonally 
fluctuating river levels) conditions the social, spiritual 
and economic dimensions of everyday life for the 
people. If the integrity and pristine state of the river 
changes, then so too will the way of life.
Source: Weli'mi'nakwan flickr Attribution 2.0 Generic (CC BY 2.0).

Chambri Lake.
The lake supports abundant wildlife, including crocodiles. 
The crocodile is not only an important part of the 
region’s biodiversity but also occupies a key role in the 
daily and ceremonial affairs of the people74.
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Part 5 - 
Conclusions

Water shapes all life on Earth, it shapes 
Earth’s physical appearance, and we 
shape it.
Nature isn’t going to stop affecting global surface water dynamics 
any time soon, and nor are humans. Earth-observing satellites 
have given us the capacity to study changes to our entire planet’s 
land surface for more than 40 years. The latest generation of 
satellites provides even greater capacity. Matching peerless 
imaging capacity to advances in computing and advanced 
analytical techniques puts even greater knowledge concerning 
surface water dynamics within reach.

Clockwise from top-left:

A permanent change in environment created by river damming.
Source: Nicolas Desmangles on Unsplash.

Sentinel-1B heading for orbit to join its identical twin, Sentinel-1A, which was launched in 2014. By 
orbiting 180° apart, global coverage and data delivery are optimised for the Copernicus services. The 
mission is being used for a multitude of applications to improve everyday life and help to understand 
our changing planet, from tracking land subsidence to monitoring ice in polar oceans.
Source: ESA/ATG medialab.

A high altitude glacier and lake in Patagonia, Argentina.
Source: Arto Marttinen on Unsplash.

Lake Balaton’s striking emerald-green colour in this Copernicus Sentinel-2 image is most likely due to its 
shallow (average depth 3.3 m) waters and chemical composition. It is heavy in carbonates and sulphates, 
and there are also around 2 000 species of algae that grow in its waters. Plans to drain the lake and use 
the resulting land to grow crops were proposed in the 18th and 20th centuries1,2, but neither proposal 
reached fruition.
Source: contains modified Copernicus Sentinel data (2019), processed by ESA, CC BY-SA 3.0 IGO.



Atlas of Global Surface Water Dynamics | Part 5 – Conclusions122

Conclusions

This Atlas is a snapshot in time. But mapping surface water 
dynamics cannot be a one-off activity. The geological time 
scales over which river valleys are carved and lakes fill or empty, 
variations in the weather as seasons come and go, and the daily 
ebb and flow along millions of kilometres of coastline result in 
truly beautiful patterns in the way water appears on our planet’s 
land surface. The stories in this Atlas show how this beauty affects 
many, many aspects of our daily lives – and they show how the 
daily lives of 7.7 billion people affect this beauty. For better or 
worse, we will continue channeling, dredging, draining, damming, 
using and abusing surface waters. Some of the patterns revealed 
in this Atlas have endured for millennia and, in all likelihood, 
will endure for millennia to come. Others will not. New maps of 
surface water dynamics will be needed to record these changes.

Fortunately, the foundation of the maps in this Atlas, the 
Landsat program, continues to gather and provide new imagery 
every day, and work is already underway to harness the daily 
flow of terabytes of imagery from the Copernicus Sentinel-1 and 
Sentinel-2 satellites for water mapping.

The USGS not only collect new Landsat imagery, they are 
also enriching the historic archive by gathering and reprocessing 
old images collected at receiving stations from all around the 
world. This ‘Landsat Global Archive Consolidation’ (LGAC) has 
successfully recovered many thousands of scenes that were 
stored on magnetic tapes. The tapes go through a restoration 
process (principally baking them at around 60 °C for many hours) 
before reading them using tape-readers from the last century. 
These ‘new-old’ data are then processed to the high geometric 
and radiometric standards of today and added to the archive3. 
This richer historic archive will improve the time dimension in 
future versions of the Global Surface Water Explorer, especially 
for the early years.

Other improvements will come from incorporating imagery 
from other satellite programmes. The characteristics of the 
TM, ETM+ and OLI sensors mean the maps in this Atlas don't 
show waterbodies smaller than 30 m × 30 m. The sensors on the 
Sentinel-1 and -2 satellites for example, will allow us to map 
waterbodies down to 10 m × 10 m in size. 

It still won’t be possible to map waterbodies hidden by 
overhanging or standing vegetation, or water flowing in tunnels 
and under bridges, and the changes to seasonal water are still 
difficult to map because our planet’s surface simply isn’t imaged 
frequently enough. The extra images added to the archive 
through the LGAC will improve seasonal mapping to some extent, 
and the Sentinels also offer two avenues for improvement. Firstly, 
the gap between repeat overflights from Sentinel-2A and -2B is 
only 5 days, and secondly, Sentinel-1A and -1B are radar imaging 
satellites. Radar (Radio Detection and Ranging) is a technology 
that can ‘see’ through clouds, and can ‘see’ at high latitudes 
even when solar angles are very low during the winter nights 
(Radar satellites provide their own electromagnetic radiation, 
and thus are not dependent on sunlight to take images). Radar 
will again give us far more frequent imaging, and thus many 
more opportunities to capture short-term seasonal changes in 
the appearance of water on the Earth’s surface, as well as more 
accurate mapping of high-latitude areas.

Copernicus Sentinel-1 Mission
Two Sentinel-1 satellites have been launched so far. 1A was 

launched on 3 April 2014 and 1B on 25 April 2016. Both satellites 
carry C-band synthetic aperture radars, which are capable of 
collecting imagery day or night, through clear or cloudy skies. 
The two satellites are in the same orbital plane and positioned 
such that each satellite gives a 12-day repeat cycle, whilst the 
two-satellite constellation provides an exact repeat cycle of 6 
days at the equator. Spatial resolution depends on processing 
level. Typical products are released at 5 × 5 m in 80 km swaths, to 
20 × 40 m in a 400 km extra-wide swath mode.

Copernicus Sentinel-2 Mission
The Copernicus Sentinel-2 mission also consists of a two-

satellite constellation. Sentinel-2A was launched on 23 June 2015 
and -2B on 7 April 2017. Both satellites carry high resolution (up 
to 10 m, with a 290 km swath) optical imagers. The two satellites 
are again in an identical orbital plane and positioned such that 
each satellite gives a 10-day repeat cycle, whilst the two-satellite 
constellation provides an exact repeat cycle of 5 days at the equator. 
The 5-day revisit period is particularly valuable for following rapidly 
changing events on the Earth’s surface, and the increased revisit 
period means more chances of obtaining a cloud-free image.

Artist’s impression of Sentinel-1B.
Radar satellites, such as Sentinel-1B, provide all-weather, 
day and night imaging capabilities.
Source: ESA–Pierre Carril.

Artist’s impression of Sentinel-2A.
Sentinel-2A provides well calibrated, high radiometric resolution 
multispectral measurements in 13 different wavebands, ranging from 
visible to shortwave infrared, at spatial resolutions from 10 to 60 m, 
depending on waveband.
Source: ESA–Pierre Carril.
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Copernicus Programme 

Copernicus (https://www.copernicus.eu/en) is the European 
Union’s Earth Observation Programme. The Programme is 
coordinated and managed by the European Commission, and 
implemented in partnership with the European Union’s Member 
States, the European Space Agency (ESA), the European 
Organisation for the Exploitation of Meteorological Satellites 
(EUMETSAT), the European Centre for Medium-Range Weather 
Forecasts (ECMWF), EU Agencies and Mercator Océan. The 
programme operates via a series of dedicated services that 
address key issues around the atmosphere, marine, land, climate 
change, security and emergencies, underpinned by the Sentinel 
family of satellites and in situ measurements. The data and 
information the services and underpinning satellites produce are 
available on a free and open basis.

By taking advantage of the enriched historic Landsat archive 
and maximising the potential of the Copernicus Programme and 
its Sentinel satellites, the Global Surface Water Explorer should 
continue to develop and move to more detailed mapping (in both 
geographic detail and time). The Copernicus Programme itself 
should continue to ensure that data and information flows freely 
from its Sentinel satellites, that efforts continue to turn these 
data into information and that cloud-processing capabilities 
increasingly make the processing of large volumes of geospatial 
data a reality. Together, such advances will ensure that the 
stories told in this Atlas don’t come to an abrupt end, and that 
new stories can be told.

Sentinel-2 cloud-free mosaic, Lake Toba, Sumatra, Indonesia.
Lake Toba is the largest volcanic lake in the world, and Indonesia’s 
largest lake too. It fills a caldera around 100 km long by 30 km wide 
belonging to a long-extinct supervolcano. The volcano’s last eruption, 
some 74 000 years ago, was the largest explosive event the Earth has 
experienced in at least the past 100 000 years, and could certainly 
have produced decade–long harsh winter conditions (volcanic winter) 
with massive negative impacts on plant and animal life5. Sentinel-2A 
and -2B images gathered between 2014 and 2016 are used to create 
the cloud-free mosaic shown here. The image is 70 km North-South 
(top to bottom).
Source: Jean-François Pekel using Sentinel-2 imagery, courtesy EU Copernicus Programme.

Copernicus services.
From its inception, the Copernicus Programme has been dedicated to providing European Earth 
Observation (EO) satellites and putting in situ networks in place that together provide data to 
services that deliver information and knowledge to: monitor the Earth to support environmental 
protection and civil protection and civil security efforts; maximise socio-economic benefits by 
promoting EO use in services; foster development of a competitive European space and services 
industry; ensure autonomous access to environmental knowledge and key technologies for EO; 
support and contribute to European policies and foster global initiatives4.

Sentinel-1 change detection, Sofala Bay, Mozambique.
The ability of radar imagers, such as the Copernicus Programme’s Sentinel-1A and -1B 
satellites, to see through clouds is particularly valuable for monitoring cloudy parts of 
the world. On 4 March 2019, tropical cyclone Idai made landfall on Africa’s east coast 
and didn’t fully dissipate until 21 March. The storm system caused extensive flooding 
in Mozambique, Zimbabwe and Malawi. This image is created by combining Sentinel-1 
(VH) imagery collected during and immediately after the storm (from 15 March to 1 April 
2019, with data from the same period in the preceding year (15 March to 1 April 2018). 
The floodwaters are shown in the lighter blue tones. The very dark blue/black tones are 
where water was present both before and after the flood events. The floodwaters had a 
devastating, even lethal, impact on people throughout the region, and caused the loss of 
almost a million ha of crops1. The image is 86 km North-South (top to bottom).
Source: Guido Lemoine using Sentinel-1 imagery, courtesy EU Copernicus Programme.
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Appendices and References

Brussels • Belgium

Seville • Spain Ispra • Italy

Karlsruhe • Germany

Geel • Belgium

Petten •
The Netherlands

The European Commission

The Joint Research Centre of the European Commission 

The European Union
The European Union (EU) is a unique economic and political 

union between 27 EU countries. It began in the aftermath of the 
Second World War as a purely economic union and gradually 
evolved into an organisation spanning policy areas, from climate, 
environment and health to external relations and security, justice 
and migration. 

The EU is governed by the principle of representative 
democracy, with citizens directly represented at Union level in 
the European Parliament and Member States represented in 
the European Council and the Council of the EU. The European 
Commission is the EU's politically independent executive arm, 
which promotes the general interest of the EU by proposing 
legislation to and enforcing decisions by the Parliament and the 
Council.

The EU is represented at the United Nations, the World Trade 
Organization, the G8 (Group of Eight industrialised nations) and 
the G20 (Group of 20).

The European Commission
The European Commission is the executive body of the 

EU, and is responsible for proposing legislation, verifying its 
implementation, and upholding the Union's treaties. Political 
leadership is provided by a team of 27 Commissioners (one 
from each EU country) – led by the Commission President, who 
decides who is responsible for which policy area. Each member 
of the College is nominated by their national government, and 
then appointed by the European Council after the approval of the 
European Parliament.

The day-to-day running of Commission business is 
performed by staff (specialists in domains such as law, finance, 
economics, science, communications and administration) working 
in departments known as Directorates-General (DGs). Each DG is 
responsible for a specific policy area. DGs develop, implement and 
manage EU policy, law, and funding programmes. The Commission 
proposes new laws, but it is the European Parliament and Council 
of the European Union that enact them. Service departments 
deal with administrative issues, and executive agencies manage 
programmes set up by the Commission.

The Joint Research Centre (JRC)
The Joint Research Centre (JRC) is one of the Commission’s 

DGs. It is the Commission's science and knowledge service, 
carrying out research in order to provide independent scientific 
advice and support to EU policy.

JRC staff create, manage and make sense of knowledge, and 
develop innovative tools and make them available to policymakers; 
anticipate emerging issues that need to be addressed at EU level 
and understand policy environments; and collaborate with over a 
thousand organisations worldwide.

JRC work has a direct impact on the lives of citizens by 
contributing with its research outcomes to a healthy and safe 
environment, secure energy supplies, sustainable mobility and 
consumer health and safety. The JRC draws on over 60 years of 
scientific experience, and continually builds expertise in knowledge 
production and knowledge management. The organisation hosts 
specialist laboratories and unique research facilities, and is the 
workplace for thousands of scientists. The JRC has six sites in five 
EU countries (Brussels, Geel, Ispra, Karlsruhe, Petten and Seville).

JRC research is clustered into ten science areas: agriculture 
and food security; economic and monetary union; energy and 
transport; environment and climate change; health and consumer 
protection; information society; innovation and growth; nuclear 
safety and security; safety and security; and standards. Details 
can be found on https://ec.europa.eu/jrc/en/science-areas. 
The research is carried out through six knowledge production 
directorates, working alongside additional support, strategy and 
knowledge management directorates. See https://ec.europa.eu/jrc/
en/about/jrc-in-brief for further information. The work presented 
in this Atlas was carried out in the Directorate for Sustainable 
Resources. 

The Directorate for Sustainable Resources
The Joint Research Centre in Ispra (the third biggest 

European Commission site after Brussels and Luxembourg) is 
the main location of the Directorate for Sustainable Resources. 
The directorate is a leading exponent of environmental, economic 
and process modelling, geospatial statistics and information 
processing, and Earth observation science and applications. It 
has dedicated laboratory facilities, runs in situ measurement 
campaigns, and is engaged in education and capacity building on 
site and with partner institutions throughout the world. 

The directorate carries out research on food and nutrition 
security, agricultural production, consumption and trade, the food 
chain, land use, land-use change, soil, water (inland and marine), 
forests, raw materials, fisheries, biodiversity and ecosystem 
services. The directorate’s research highlights the threats to our 
existing resources and natural capital, and the role of sustainable 
resources in climate change mitigation and adaptation; explores 
alternative resource management pathways; supports the 
development of a sustainable bioeconomy in Europe; and provides 
insight into the functions of sustainable resources in achieving 
the Sustainable Development Goals of the UN's 2030 Agenda for 
Sustainable Development. 

The Directorate for Sustainable Resources is 
located in Ispra, a small town on the shore of Lake 
Maggiore in northern Italy. The JRC’s Ispra site is 
in the centre foreground, Monte Rosa, the second 
highest mountain in western Europe (after Mont 
Blanc), is the high-point on the skyline.
Source: EC-JRC.

Location of the directorates and headquarters of the JRC. 
Source: EC-JRC.
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Jul_2004-002.jpg

Public domain Jan 2020

16 Ammarkh Wikimedia Commons https://commons.wikimedia.org/wiki/File:Plain_of_punjab.jpg Public domain Jan 2020

17 Michael Shade Wikipedia https://en.wikipedia.org/w/index.php?curid=55898806 CC0 1.0 Jan 2020

17 dedmaxopka@gmail.com russiatrek.org https://russiatrek.org/blog/wp-content/uploads/2013/05/surgut-thermoelectric-
power-station-russia-22.jpg

With permission from dedmaxopka Jan 2020

17 Tim Reckmann Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=35149558 CC BY-SA 3.0 Jan 2020

18 Sammutawe Wikimedia Commons https://commons.wikimedia.org/wiki/File:Tissue_Paper_Production_Machine.jpg CC BY-SA 4.0 Jan 2020

19 Gregor Rom Wikimedia Commons https://commons.wikimedia.org/wiki/File:Bittersee_suezkanal.JPG CC BY-SA 4.0 Jan 2020

20 Barry Silver Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=7299136 CC BY 2.0 Jan 2020

20 Iain Gilmour - 
www.silverexpressions.co.uk

Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=6492631 CC BY 2.0 Jan 2020

27 Osama Shukir Muhammed Amin 
FRCP(Glasg)

Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=42131230 CC BY-SA 4.0 Jan 2020

28 Brian Robert Marshall Wikimedia Commons https://commons.wikimedia.org/wiki/File:The_bridge_over_the_River_Rea,_Cannon_
Hill_Park,_Birmingham_-_geograph.org.uk_-_1776982.jpg

CC BY-SA 2.0 Jan 2020

28 flamenc Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=6582558 CC BY-SA 3.0 Jan 2020

28 US DOT Wikimedia Commons https://commons.wikimedia.org/wiki/File:New_Panama_Canal.jpg Public domain Jan 2020

28 Michael Nevins, U.S. Army Corps 
of Engineers

Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=2048969 Public domain Jan 2020

29 Jeewannegi Wikimedia Commons https://commons.wikimedia.org/wiki/File:TehriDam_1.JPG CC BY-SA 3.0 Jan 2020

29 Tim Green from Bradford Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=52270799 CC BY 2.0 Jan 2020

29 Sean the Spook Wikipedia https://en.wikipedia.org/wiki/Lake_Vyrnwy#/media/File:Lakevyrnwysummer.jpg CC BY-SA 3.0 Jan 2020

30 Don Graham Wikimedia Commons https://commons.wikimedia.org/wiki/File:Bonneville_Dam_fish_ladder_2006.jpg CC BY-SA 2.0 Jan 2020

30 St.Hinni Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=1213045 CC BY-SA 3.0 Jan 2020

30 Fritz Geller-Grimm Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=3352715 CC BY-SA 3.0 Jan 2020

30 Something Original Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=13288645 CC BY-SA 3.0 Jan 2020

32 United States Air Force Wikimedia Commons https://commons.wikimedia.org/wiki/File:JC-130B_catching_satellite_bucket.jpg Public domain Jan 2020

33 15Gitte Wikimedia Commons https://en.wikipedia.org/wiki/Guadarranque_Reservoir#/media/File:Embalse_de_
Guadarranque.jpg

CC BY-SA 3.0 ES Jan 2020

53 Murray Foubister Wikimedia Commons https://commons.wikimedia.org/wiki/File:Into_the_outback_-_300_km_overland_
from_Wirulla_N_to_the_Sturt_Hwy_through_Lake_Gairdner_Natl._Park_-_
(13113298434).jpg

CC BY-SA 2.0 Jan 2020

59 guyvail Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=54792347 CC BY-SA 3.0 Jan 2020

67 Mariordo (Mario Roberto Durán 
Ortiz

Wikimedia Commons https://commons.wikimedia.org/wiki/File:Agua_Clara_Locks_09_2019_0822.jpg CC BY-SA 4.0 Jan 2020

69 Neil Palmer/CIAT Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=28390327 CC BY-SA 2.0 Jan 2020

71 Filipefrazao Wikimedia Commons https://commons.wikimedia.org/wiki/File:Pantanal,_Mato_Grosso,_Brasil.jpg CC BY-SA 3.0 Jan 2020

75 Todd Trigsted Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=9498017 CC BY 2.0 Jan 2020

77 Gianni Careddu Wikimedia Commons https://commons.wikimedia.org/wiki/File:Leggiuno,_eremo_di_Santa_Caterina_del_
Sasso_(05).jpg

CC BY-SA 4.0 Jan 2020

79 Azerty44 Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=42437947 CC BY-SA 4.0 Jan 2020

83 Steve Jurvetson Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=34436593 CC BY 2.0 Jan 2020

86 Sudani Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=6846863 Public domain Jan 2020

86 David Haberlah at the English 
language Wikipedia

Wikimedia Commons https://commons.wikimedia.org/wiki/File:Compensated_palms_hamdab.JPG CC BY-SA 3.0 Jan 2020

93 Synjagu Wikimedia Commons https://commons.wikimedia.org/w/index.php?curid=63806242 CC BY-SA 4.0 Jan 2020

101 Arne Hückelheim Wikimedia Commons https://commons.wikimedia.org/wiki/File:FarmHouseSunderban.JPG CC BY-SA 3.0 Jan 2020

105 Gpwitteveen Wikimedia Commons https://commons.wikimedia.org/wiki/File:Otsu_at_the_south_end_of_Lake_Biwa_in_
Shiga_prefecture.jpg

CC BY-SA 4.0 Jan 2020

105 663highland Wikimedia Commons https://commons.wikimedia.org/wiki/File:Nagoya_Port_Aichi_pref_Japan01s8.jpg CC BY-SA 3.0 Jan 2020

111 Zlatko Wikipedia https://en.wikipedia.org/wiki/File:The_World_Archipelago_April_2015.jpg CC BY-SA 3.0 Jan 2020

117 Murray Foubister Wikimedia Commons https://commons.wikimedia.org/wiki/File:Into_the_outback_-_300_km_overland_
from_Wirulla_N_to_the_Sturt_Hwy_through_Lake_Gairdner_Natl._Park_-_
(13113298434).jpg

CC BY-SA 2.0 Jan 2020

118 Eksilverman Wikimedia Commons https://commons.wikimedia.org/wiki/File:Men%27s_house_in_Tambunum_village,_
Sepik_River,_Papua_New_Guinea_(side_view).jpg

CC BY-SA 4.0 Jan 2020

118 Daderot Wikimedia Commons https://commons.wikimedia.org/wiki/File:Female_figure,_East_Sepik_Province,_
coastal_Sepik_River,_Murik_Lagoon,_Murik_people,_19th_to_early_20th_century,_
wood,_human_hair,_conus_and_nassa_shell,_rattan,_pigment_-_De_Young_
Museum_-_DSC01154.JPG

CC0 1.0 Jan 2020

119 Weli'mi'nakwan Flickr.com https://www.flickr.com/photos/welix/195885764 CC BY 2.0 Jan 2020



Atlas of Global Surface Water Dynamics | Part 6 – Appendices and References126

Appendices and References

Creative Commons Licenses

License abbreviation Full license name URL

CC0 1.0 CC0 1.0 Universal Public Domain Dedication CC0 1.0 Universal (CC0 1.0) Public Domain Dedication https://creativecommons.org/publicdomain/zero/1.0/

CC BY 2.0 Creative Commons Attribution 2.0 Generic (CC BY 2.0) https://creativecommons.org/licenses/by/2.0/

CC BY-SA 2.0 Creative Commons Attribution-ShareAlike 2.0 Generic (CC BY-SA 2.0) https://creativecommons.org/licenses/by-sa/2.0/

CC BY-SA 3.0 Creative Commons Attribution-ShareAlike 3.0 Unported (CC BY-SA 3.0) https://creativecommons.org/licenses/by-sa/3.0/

CC BY-SA 3.0 ES Creative Commons Attribution-ShareAlike 3.0 Spain (CC BY-SA 3.0 ES) https://creativecommons.org/licenses/by-sa/3.0/es/

CC BY-SA 4.0 Creative Commons Attribution-ShareAlike 4.0 International (CC BY-SA 4.0) https://creativecommons.org/licenses/by-sa/4.0/



Part 6 – Appendices and References | Atlas of Global Surface Water Dynamics 127

References

Part I - 
Why is surface water 
important?
(pp8-23)

[1] Shiklomanov, I. A., 1998. The world’s 
water resources A new appraisal and 
assessment for the 21 Century. Sum-
mary of the monograph World Water 
Resources, UNESCO: Paris, 40 pages. 

[2] Subin, Z.M., Riley, W.J. and Mironov, 
D., 2012. An improved lake model for 
climate simulations: Model structure, 
evaluation, and sensitivity analyses 
in CESM1. Journal of Advances in 
Modeling Earth Systems, 4(1) M02001, 
doi:10.1029/2011MS000072.

[3] Holgerson, M. A. and Raymond, P. A., 
2016. Large contribution to inland 
water CO2 and CH4 emissions from 
very small ponds. Nature Geoscience, 9, 
pp.222–226. 

[4] Gardner, R.C., Barchiesi, S., Beltrame, C., 
Finlayson, C., Galewski, T., Harrison, I., 
Paganini, M., Perennou, C., Pritchard, D., 
Rosenqvist, A. and Walpole, M., 2015. 
State of the world's wetlands and 
their services to people: a compilation 
of recent analyses. Ramsar Briefing 
Note No. 7. Gland, Switzerland: Ramsar 
Convention Secretariat, http://dx.doi.
org/10.2139/ ssrn.2589447.

[5] Millennium Ecosystem Assessment., 
2005. Volume 1 Ecosystems and Human 
Well-being: Current state and trends ch7, 
pp.165-207.

[6] World Economic Forum., 2016. The 
Global Risks report 2016, 11th Edition. 
103 pages.

[7] Vörösmarty, C. J., Green, P., Salisbury, J. 
and Lammers, R. B., 2000. Global water 
resources: vulnerability from climate 
change and population growth. Science, 
289, pp.284-288.

[8] Schiklomanov, I.A., 1993. The distribution 
of water on, in and above the Earth 
USGS, https://www.usgs.gov/media/imag-
es/distribution-water-and-above-earth 
(accessed 30 March 2019).

[9] Arguez, A. and Vose, R. S., 2011. The 
definition of the standard WMO climate 
normal: The key to deriving alterna-
tive climate normals. Bulletin of the 
American Meteorological Society, 92(6), 
pp.699-704. 

[10] IPCC., 2013. Climate Change: The 
Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel 
on Climate Change. Stocker, T.F., D. Qin, 
G.-K. Plattner, M. Tignor, S.K. Allen, J. 
Boschung, A. Nauels, Y. Xia, V. Bex and 
P.M. Midgley (eds.). Cambridge University 
Press, Cambridge, United Kingdom and 
New York, NY, USA, 1535 pages.

[11] Delworth, T. and Manaba, S., 1993. 
Climate variability and land-surface 
processes. Advances in Water Resources, 
16(1), pp.3-20.

[12] Masson, V., Champeaux, J-L., Chauvin, 
F., Meriguet, C. and Lacaze, R., 2003. A 
global database of land surface param-
eters at 1-km resolution in meteoro-
logical and climate models. Journal of 
climate 16(9), pp.1261-1282. 

[13] Balsamo, G., Salgado, R., Dutra, E., 
Boussetta, S., Stockdale, T. and Potes, 
M., 2012. On the contribution of lakes in 
predicting near-surface temperature in a 
global weather forecasting model. Tellus 
A: Dynamic Meteorology and Oceanog-
raphy, 64(1), https://doi.org/10.3402/
tellusa.v64i0.15829.

[14] Balsamo, G., and Belward, A. S., 2017. 
Lakes in weather prediction: a moving 
target, ECMWF newsletter 150, https://
www.ecmwf.int/sites/default/ files/
elibrary/2017/16987-news- letter-no-
150-winter-201617.pdf (accessed 2 
March 2019).

[15] Subin, Z.M., Riley, W.J. and Mironov, 
D., 2012. An improved lake model for 
climate simulations: Model structure, 
evaluation, and sensitivity analyses 
in CESM1. Journal of Advances in 
Modeling Earth Systems, 4(1) M02001, 
doi:10.1029/2011MS000072.

[16] Adrian, R., O'Reilly, C.M., Zagarese, H., 
Baines, S.B., Hessen, D.O., Keller, W., 
Livingstone, D.M., Sommaruga, R., Straile, 
D., Van Donk, E. and Weyhenmeyer, G.A., 
2009. Lakes as sentinels of climate 
change. Limnology and oceanography, 
54 (6part2), pp.2283-2297. 

[17] Smith, L.C., Sheng, Y., MacDonald, G.M. 
and Hinzman, L.D., 2005. Disappear-
ing arctic lakes. Science, 308(5727), 
pp.1429-1429. 

[18] Sharifikia, M., 2013. Environmental 
challenges and drought hazard assess-
ment of Hamoun Desert Lake in Sistan 
region, Iran, based on the time series of 
satellite imagery. Natural hazards, 65(1), 
pp.201-217. 

[19] Zhang, G., Xie, H., Kang, S., Yi, D. and 
Ackley, S.F., 2011. Monitoring lake level 
changes on the Tibetan Plateau using 
ICESat altimetry data (2003–2009). 
Remote Sensing of Environment, 115(7), 
pp.1733-1742. 

[20] GCOS., 2016.The Global Observing 
System for Climate, Implementation 
Needs, GCOS-200, WMO Geneva; report 
adopted by the Conference of the 
Parties to the UNFCCC, 2016 session. 
pp315. https://library.wmo.int/doc_num.

php?explnum_id=3417 (accessed 2 
March 2019). 

[21] Crowe, J. H., Hoekstra, F. A. and Crowe, L. 
M., 1992. Anhydrobiosis. Annual review 
of physiology, 54(1), pp.579-599. 

[22] Jönsson, K.I., Rabbow, E., Schill, R.O., 
Harms-Ringdahl, M. and Rettberg, P., 
2008. Tardigrades survive exposure to 
space in low Earth orbit. Current biology, 
18(17), pp.R729-R731.

[23] Moyle, P. B., and Leidy, R. A., 1992. Loss 
of biodiversity in aquatic ecosystems: 
evidence from fish faunas. In Conser-
vation biology. Springer, Boston, MA. 
pp.127-169.

[24] Ueno, O., Samejima, M., Muto, S., and 
Miyachi, S., 1988. Photosynthetic char- 
acteristics of an amphibious plant, Ele- 
ocharis vivipara: expression of C4 and 
C3 modes in contrasting environments. 
Proceedings of the National Academy of 
Sciences, 85(18), pp.6733-6737. 

[25] Dudgeon, D., Arthington, A.H., Gessner, 
M.O., Kawabata, Z.I., Knowler, D.J., 
Lévêque, C., Naiman, R.J., Prieur-Richard, 
A.H., Soto, D., Stiassny, M.L. and Sullivan, 
C.A., 2006. Freshwater biodiversity: im-
portance, threats, status and conserva-
tion challenges. Biological reviews, 81(2), 
pp.163-182. 

[26] Sala, O.E., Chapin, F.S., Armesto, J.J., 
Berlow, E., Bloomfield, J., Dirzo, R., 
Huber-Sanwald, E., Huenneke, L.F., 
Jackson, R.B., Kinzig, A. and Leemans, 
R., 2000. Global biodiversity scenarios 
for the year 2100. Science, 287(5459), 
pp.1770-1774.

[27] Secretariat of the Convention on Biolog-
ical Diversity., 2014. Global Biodiversity 
Outlook 4. Montréal, 155 pages. 

[28] [28] Gardner, R.C., Barchiesi, S., Beltrame, 
C., Finlayson, C., Galewski, T., Harrison, 
I., Paganini, M., Perennou, C., Pritchard, 
D., Rosenqvist, A. and Walpole, M., 2015. 
State of the world's wetlands and 
their services to people: a compilation 
of recent analyses. Ramsar Briefing 
Note No. 7. Gland, Switzerland: Ramsar 
Convention Secretariat, http://dx.doi.
org/10.2139/ ssrn.2589447. 21 pages.

[29] Bunn, S. E. and Arthington, A. H., 
2002. Basic principles and ecological 
consequences of altered flow regimes 
for aquatic biodiversity. Environmental 
management, 30(4), pp.492-507. 

[30] Pereira, H.M., Ferrier, S., Walters, M., 
Geller, G.N., Jongman, R.H.G., Scholes, 
R.J., Bruford, M.W., Brummitt, N., Butch-
art, S.H.M., Cardoso, A.C. and Coops, N.C., 
2013. Essential biodiversity variables. 
Science, 339(6117), pp.277-278. 

[31] Pettorelli, N., Wegmann, M., Skidmore, 
A., Mücher, S., Dawson, T.P., Fernandez, 
M., Lucas, R., Schaepman, M.E., Wang, T., 
O'Connor, B. and Jongman, R.H., 2016. 
Framing the concept of satellite remote 
sensing essential biodiversity variables: 
challenges and future directions. Remote 
Sensing in Ecology and Conservation, 
2(3), pp.122-131. 

[32] White, K.D., 2014. Nature and econ-
omy in the Aral Sea basin, in ‘The 
Aral Sea’ edited by Micklin, P., Aladin, 
N.V. and Plotnikov, I., Springer-Verlag 
Berlin An.Springer, Berlin, Heidelberg. 
pp.301-335. 

[33] Chenoweth, J., 2008. Minimum water 
requirement for social and economic 
development. Desalination, 229(1-3), 
pp.245-256. 

[34] FAO., 2016. Aquastat website Food and 
Agriculture Organisation of the United 
Nations (FAO) http://www.fao.org/nr/ 
water/aquastat/didyouknow/index.stm 
(accessed 21 March 2019). 

[35] United Nations., 2010. The human right 
to water and sanitation Resolution 
64/292 https://digitallibrary.un.org/ re-
cord/687002 (accessed 14 March 2019). 

[36] UNESCO World Water Assessment 
Programme., 2019. The United Nations 
World Water Development Report 2019: 
Leaving No One Behind. Paris, UNESCO, 
ISBN 978-92-3- 100309-7. 

[37] World Health Organisation., 2020. 
https://www.who.int/news-room/fact- 
sheets/detail/drinking-water, accessed 3 
January 2020.

[38] McDonald, R. I., Weber, K., Padowski, 
J., Flörke, M., Schneider, C., Green, P. A., 
Gleeson, T., Eckman, S., Lehner, B., Balk, 
B, Boucher, T., Grill G. and Montgomery, 
M., 2014. Water on an urban planet: 
Urbanization and the reach of urban 
water infrastructure. Global Environmen-
tal Change, 27, pp.96-105. 

[39] Muller, M., 2018. Lessons from Cape 
Town’s drought, Nature, 559, pp.174 
- 176. 

[40] UNESCO., 2015. Water for a sustainable 
world, facts and figures http://www. 
unesco.org/new/fileadmin/MULTIMEDIA/ 
HQ/SC/images/WWDR2015Facts_Fig-
ures_ENG_web.pdf (accessed 21 March 
2019). 

[41] WHO., 2016. Protecting surface water 
for health. Identifying, assessing and 
managing drinking-water quality risks in 
surface-water catchments, World Health 
Organization ISBN 978 92 4 151055 4. 

[42] Birley, M. H., 1991. Guidelines for fore-
casting the vector-borne disease impli-
cations of water resources development, 
WHO/CWS/91.3 (second edition) WHO. 

[43] UNESCO World Water Assessment 
Programme., 2019. The United Nations 
World Water Development Report 2019: 
Leaving No One Behind. Paris, UNESCO. 

[44] Pimentel, D., Houser, J., Preiss, E., White, 
O., Fang, H.,  Mesnick, L., Barsky, T., 
Tariche, S., Schreck, J. and Alpert, S., 
1997. Water resources: agriculture, the 
environment, and society. BioScience 47, 
(2), pp.97-106. 

[45] World Bank., 2017. https://blogs. 
worldbank.org/opendata/chart-glob- 
ally-70-freshwater-used-agriculture 
(accessed 27 March 2019). 

[46] FAOSTAT., 2013. http://faostat3.fao.
th org/home/index.html (accessed 24 
February 2014). 

[47] De Castro, P., Adinolfi, F., Capitanio, F., Di 
Falco, S. and Di Mambro, A. (Eds.), 2013. 
The Politics of Land and Food Scarcity, 
Routledge (Abingdon, UK) ISBN 978 0 
415 63824 1, 154 pages. 

[48] Piao, S., Ciais, P., Huang, Y., Shen, Z., 
Peng, S., Li, J., Zhou, L., Liu, H., Ma, Y., 
Ding, Y. and Friedlingstein, P., 2010. The 
impacts of climate change on water re-
sources and agriculture in China. Nature, 
467(7311), pp.43-51.

[49] Luseno, W. K., McPeak, J. G., Barrett, 
C. B., Little, P. D. and Gebru, G., 2003. 
Assessing the value of climate forecast 
information for pastoralists: Evidence 
from Southern Ethiopia and Northern 
Kenya. World development, 31(9), 
pp.1477-1494. 

[50] Funge-Smith, S. and Phillips, M.J., 2001. 
Aquaculture systems and species. In R.P. 
Subasinghe, P. Bueno, M.J. Phillips, C. 
Hough, S.E. McGladdery and J.R. Arthur, 
eds. Aquaculture in the Third Millennium. 
Technical Proceedings of the Conference 
on Aquaculture in the Third Millennium, 
Bangkok, Thailand, 20-25 February 
2000. NACA, Bangkok and FAO, Rome, 
pp.129-135.

[51] Cole, D.W., Cole, R., Gaydos, S.J., Gray, J., 
Hyland, G., Jacques, M.L., Powell-Dun-
ford, N., Sawhney, C. and Au, W.W., 2009. 
Aquaculture: Environmental, toxicolog-
ical, and health issues. International 
journal of hygiene and environmental 
health, 212(4), pp.369-377.

[52] Moss, B., 2007. Water pollution by 
agriculture. Philosophical Transactions of 
the Royal Society B: Biological Sciences, 
363(1491), pp.659-666. 

[53] Reynolds, T.S., 2003. Stronger Than a 
Hundred Men: A History of the Vertical 
Water Wheel, Johns Hopkins University 
Press, ISBN: 9780801872488, 480 
pages.

[54] Schhøler, T., 1989. The watermills at 
the Crocodile river: a turbine mill dated 
to 345–380 AD. Palestine Exploration 
Quarterly, 121(2), pp.133-143. 

[55] Renewables global status report (2018) 
http://www.ren21.net/wp-content/ 
uploads/2018/06/17-8652_GSR2018_ 
FullReport_web_final_.pdf accessed 2 
April 2019.

[56] Moran, E. F., Lopez, M. C., Moore, N., 
Müller, N., and Hyndman, D. W., 2018. 
Sustainable hydropower in the 21 centu-
ry. Proceedings of the National Academy 
of Sciences, 115(47), pp.11891- 11898. 

[57] International Panel of Experts., 2013. 
Grand Ethiopian Renaissance Dam 
project final report https://www. inter-
nationalrivers.org/sites/default/ files/
attached-files/international_panel_ 
of_experts_for_ethiopian_renaissance_ 
dam-_final_report_1.pdf (accessed 2 
April 2019). 

[58] International Energy Agency., 2018. Key 
World Energy Statistics. 51 pages.

[59] Hutton, G., Haller, L., Water, S. and World 
Health Organization., 2004. Evaluation 
of the costs and benefits of water and 
sanitation improvements at the global 
level (No. WHO/SDE/WSH/04.04). Gene-
va: World Health Organization. 

[60] United Nations., 2015. Transforming our 
World the 2030 Agenda for Sustainable 
Development (https://sustainabledevel-
opment. un.org/post2015/transforming-
ourworld (accessed 3 April 2019). 

[61] Mugagga, F. and Nabaasa, B. B., 2016. 
The centrality of water resources to the 
realization of Sustainable Development 
Goals (SDG). A review of potentials and 
constraints on the African continent. 
International Soil and Water Conserva-
tion Research, 4(3), pp.215-223. 

[62] FAO Aquastat., 2016. http://www.fao. 
org/nr/water/aquastat/tables/WorldDa- 
ta-Withdrawal_eng.pdf accessed 3 April 
2019). 

[63] Leblanc, M., Morales, J. A., Borrego, J. 
and Elbaz-Poulichet, F., 2000. 4,500-
year- old mining pollution in south-
western Spain: long-term implications 
for modern mining pollution. Economic 
Geology, 95(3), pp.655-662. 

[64] Hunter, D., 1978. Papermaking: the 
history and technique of an ancient 
craft. Courier Corporation. (Dover Books) 
ISBN 0486236196, 9780486236193, 
611pages.

[65] Van Oel, P.R. and Hoekstra, A.Y., 2012. 
Towards quantification of the water 
footprint of paper: a first estimate of its 
consumptive component. Water resourc-
es management, 26(3), pp.733- 749. 

[66] Saha, N.K., Balakrishnan, M. and Batra, 
V.S., 2005. Improving industrial water 
use: case study for an Indian distillery. 
Resources, Conservation and Recycling, 
43(2), pp.163-174. 

[67] Marshall T., 2016. Prisoners of Geogra-
phy, Elliott and Thompson, London ISBN: 
978-1-78396-243-3, 303 pages. 

[68] Gallup, J. L., Sachs, J. and Mellinger, A. D., 

1998. Geography and economic growth. 
World Bank report http://siteresources.
worldbank.org/INTABCDE- WASHING-
TON1998/Resources/sachs.pdf (accessed 
25 March 2019). 

[69] Collier, P. and Gunning, J. W., 1999. Why 
has Africa grown slowly? Journal of 
economic perspectives, 13(3), pp.3-22. 

[70] Stiros, S., Pirazzoli, P., Rothaus, R., 
Papageorgiou, S., Laborel, J. and Arnold, 
M., 1996. On the date of construction 
of Lechaion, western harbor of ancient 
Corinth, Greece. Geoarchaeology, 11(3), 
pp.251-263. 

[71] Cleland, D. I., 2004. The evolution of 
project management. IEEE transactions 
on engineering Management, 51(4), 
pp.396-397. 

[72] Wang, M., 2017. The role of Panama 
Canal in global shipping. Maritime Busi-
ness Review. https:// www.emerald.com/
insight/publication/ issn/2397-3757, 
pp.247 – 260.

[73] UNESCO., 2019. World Heritage Centres 
https://whc.unesco.org/en/list/ (accessed 
2 April 2019). 

[74] Brady, J. E. and Ashmore, W., 1999. 
Mountains, caves, water: ideational 
landscapes of the ancient Maya. Ar-
chaeologies of landscape: contemporary 
perspectives, pp.124-145. 

[75] Bhardwaj, S. M., 1983. Hindu places of 
pilgrimage in India: A study in cultural 
geography, Volume 14 of Center for 
South and Southeast Asia Studies, UC 
Berkeley. University of California Press. 
ISBN 0520049519, 9780520049512, 
258 pages.

[76] Livingston, R. A., Grissom, C. A. and 
Aloiz, E. M., 2015. Building stones of the 
National Mall. In Tripping from the Fall 
Line: Field Excursions for the GSA Annual 
Meeting, Baltimore, 2015: Geological 
Society of America Field Guide 40. Geo-
logical Society of America, pp.543-572.

[77] Ward, F. A., Roach, B. A., and Henderson, 
J. E., 1996. The economic value of water 
in recreation: Evidence from the Califor-
nia drought. Water Resources Research, 
32(4), pp.1075-1081. 

[78] Benson, E. D., Hansen, J. L., Schwartz, 
A. L. and Smersh, G. T., 1998. Pricing 
residential amenities: the value of a 
view. The Journal of Real Estate Finance 
and Economics, 16(1), pp.55-73. 

[79] EMDAT., 2019. OFDA/CRED International 
Disaster Database, Université catholique 
de Louvain – Brussels – Belgium (ac-
cessed 5 April 2019). 

[80] Jonkman, S. N., 2005. Global perspec-
tives on loss of human life caused 
by floods. Natural hazards, 34(2), 
pp.151-175. 

[81] Jonkman, S. N., Van Gelder, P. H. A. J. M. 
and Vrijling, J. K., 2003. An overview of 
quantitative risk measures for loss of 
life and economic damage. Journal of 
hazardous materials, 99(1), pp.1-30. 

[82] Zhang, L., Peng, M., Chang, D. and Xu, 
Y., 2016. Dam failure mechanisms and 
risk assessment. John Wiley & Sons 
(Singapore). ISBN 9781118558546, 
476 pages. 

[83] Plate, E. J., 2002. Flood risk and flood 
management. Journal of Hydrology, 
267(1-2), pp.2-11. 

[84] Foltz, R. C., 2002. Iran's water crisis: 
cultural, political, and ethical dimensions. 
Journal of agricultural and environmen-
tal ethics, 15(4), pp.357-380. 

[85] Escriva-Bou, A., McCann, H., Hanak, E., 
Lund, J. and Gray, B., 2016. Accounting 
for California Water. California Journal 
of Politics and Policy, 8(3). DOI 10.5070/
P2cjpp8331935, 26 pages.

[86] Bark, R. H., Robinson, C. J. and Flessa, K. 
W., 2016. Tracking cultural ecosystem 
services: water chasing the Colorado 
River restoration pulse flow. Ecological 
Economics, 127, pp.165-172. 

[87] Benjaminsen, T.A., Maganga, F.P. and 
Abdallah, J.M., 2009. The Kilosa killings: 
Political ecology of a farmer–herder 
conflict in Tanzania. Development and 
Change, 40(3), pp.423-445.

[88] Wolf, A. T., 1999. “Water wars” and water 
reality: conflict and cooperation along 
international waterways. In Environ-
mental change, adaptation, and security. 
Springer, Dordrecht, pp.251-265.

[89] United Nations., 2015. Water for Life 
https://www.un.org/waterforlifedecade/
transboundardary_waters.shtml (ac-
cessed 3 April 2019). 

[90] Mekonnen, M. M., and Hoekstra, A. Y., 
2016. Four billion people facing severe 
water scarcity. Science advances, 
2(2), e1500323. DOI: 10.1126/sci- 
adv.1500323. 

[91] Gleick, P. H. and Palaniappan, M., 
2010. Peak water limits to freshwater 
withdrawal and use. Proceedings of the 
National Academy of Sciences, 107(25), 
pp.11155-11162. 

[92] United Nations General Assembly., 
2015. Transforming our world: the 
2030 Agenda for Sustainable Develop-
ment, A/RES/70/1 https://www.un.org/
ga/search/view_doc.asp?symbol=A/
RES/70/1&Lang=E (accessed 20 October 
2019). 35 pages.

[93] Costanza, R., Daly, L., Fioramonti, L., 
Giovannini, E., Kubiszewski, I., Mortensen, 
L.F., Pickett, K.E., Ragnarsdottir, K.V., 
De Vogli, R. and Wilkinson, R., 2016. 
Modelling and measuring sustainable 
wellbeing in connection with the UN Sus-
tainable Development Goals. Ecological 

Economics, 130, pp.350-355.
[94] UN-Water, 2016: Water and Sanitation 

Interlinkages across the 2030 Agenda 
for Sustainable Development. Geneva, 
48 pages. 

[95] UN Statistics Division., 2019. Global 
indicator framework for the Sustainable 
Development Goals and targets of the 
2030 Agenda for Sustainable Devel-
opment https://unstats.un.org/sdgs/
indicators/indicators-list (accessed 21 
October 2019). 

[96] UN Environment., 2019. Water Related 
Ecosystems App.https://www.sdg661. 
app (accessed 21 October 2019). 

Part 2 - 
Mapping surface 
water
(pp24-45)

[1] Balsamo, G., Salgado, R., Dutra, E., 
Boussetta, S., Stockdale, T. and Potes, 
M., 2012. On the contribution of lakes in 
predicting near-surface temperature in a 
global weather forecasting model. Tellus 
A: Dynamic Meteorology and Oceanog-
raphy, 64(1), https://doi.org/10.3402/
tellusa.v64i0.15829.

[2] Subin, Z.M., Riley, W.J. and Mironov, 
D., 2012. An improved lake model for 
climate simulations: Model structure, 
evaluation, and sensitivity analyses in 
CESM1. Journal of Advances in Modeling 
Earth Systems, 4(1). 

[3] Smith, C. D., 1996. Imago Mundi's Logo 
the Babylonian Map of the World, Imago 
Mundi, The International Journal for the 
History of Cartography, 48, pp.209–211. 

[4] Cohen, A.S., Soreghan, M.J. and Scholz, 
C.A., 1993. Estimating the age of for-
mation of lakes: an example from Lake 
Tanganyika, East African Rift system. 
Geology, 21(6), pp.511-514. 

[5] UNESCO., 2019. Lake Baikal https://whc. 
unesco.org/en/list/754 (accessed 10 
April 2019). 

[6] Goldman, E., 2003. Puzzling over the ori-
gin of species in the depths of the oldest 
lakes. Science, 299(5607), pp.654-655. 

[7] National Parks Service, New River: Fact 
or Fiction https://www.nps.gov/neri/ learn/
nature/the-new-river-fact-or-fic- tion.
htm (Accessed 13 April 2019). 

[8] Ashworth, P. J. and Lewin, J., 2012. 
How do big rivers come to be differ-
ent? Earth-Science Reviews, 114(1-2), 
pp.84-107. 

[9] Vaughan, R.G. and Webley, P.W., 2010. 
Satellite observations of a surtseyan 
eruption: Hunga Ha'apai, Tonga. Journal 
of Volcanology and Geothermal Re-
search, 198(1-2), pp.177-186. 

[10] Bonetto, A. A., Wais, J. R. and Castello, H. 
P., 1989. The increasing damming of the 
Paraná basin and its effects on the low-
er reaches. Regulated Rivers: Research & 
Management, 4(4), pp.333-346. 

[11] Heming, L. and Rees, P., 2000. Population 
displacement in the Three Gorges res-
ervoir area of the Yangtze River, central 
China: relocation policies and migrant 
views. International Journal of Popula-
tion Geography, 6(6), pp.439-462. 

[12] Tranvik, L.J., Downing, J.A., Cotner, J.B., 
Loiselle, S.A., Striegl, R.G., Ballatore, T.J., 
Dillon, P., Finlay, K., Fortino, K., Knoll, L.B. 
and Kortelainen, P.L., 2009. Lakes and 
reservoirs as regulators of carbon cy-
cling and climate. Limnology and ocean-
ography, 54(6part2), pp.2298-2314.

[13] Hamdan, M.A., Asada, T., Hassan, F.M., 
Warner, B.G., Douabul, A., Al-Hilli, M.R. 
and Alwan, A.A., 2010. Vegetation 
response to re-flooding in the Mesopota-
mian Wetlands, Southern Iraq. Wetlands, 
30(2), pp.177-188. 

[14] Martín-Antón, M., Negro, V., del Campo, 
J.M., López-Gutiérrez, J.S. and Esteban, 
M.D., 2016. Review of coastal Land 
Reclamation situation in the World. 
Journal of Coastal Research, 75(sp1), 
pp.667-671. 

[15] Wolf, P. R. and Dewitt, B. A., 2000. 
Elements of photogrammetry: with 
applications in GIS (3rd edition). New 
York: McGraw-Hill. 608 pages.

[16] Comment., 1932. Aerial photography in 
Map-Making, Nature, 130, https:// doi.
org/10.1038/130538c0, pp.538.

[17] USGS (2020) The Landsat 8 Data Users 
Handbook  https://www.usgs.gov/land-re-
sources/nli/landsat/landsat-8-data-us-
ers-handbook (accessed 31 January 
2020).

[18] NASA., 2019. The first satellite image 
of Earth (from Explorer 6) http://grin. 
hq.nasa.gov/index.html (accessed 7 
April 2019). 

[19] Day, D., 2015. Eye in the sky: the story 
of the CORONA spy satellites. Smithso-
nian Institution. ISBN 1-56098-773-1, 
306 pages.

[20] Clinton, W.J., 1995. Release of Imagery 
Acquired by Space-Based National Re-
connaissance Systems, Executive Order 
12951, 22 02 95 Washington D.C. 

[21] Lillesand, T., Kiefer, R. W. and Chipman, J., 
2014. Remote sensing and image inter-
pretation. John Wiley & Sons, 736 pages. 

[22] Goward, S., Arvidson, T., Williams, D., 
Faundeen, J., Irons, J. and Franks, S., 
2006. Historical record of Landsat global 
coverage. Photogrammetric Engineering 

& Remote Sensing, 72(10), pp.1155-
1169.

[23] Gates, D. M., Keegan, H. J., Schleter, J. 
C. and Weidner, V. R., 1965. Spectral 
properties of plants. Applied optics, 4(1), 
pp.11-20. 

[24] Huete, A. R., Jackson, R. D. and Post, D. 
F., 1985. Spectral response of a plant 
canopy with different soil backgrounds. 
Remote Sensing of Environment, 17(1), 
pp.37-53. 

[25] Arst, H., 2003. Optical Properties and 
Remote Sensing of Multicomponental 
Water Bodies. Springer Science (Book), 
Series: Springer Praxis Books, Subseries: 
Marine Science and Coastal Manage-
ment, XII, ISBN 978-3-540-00629-9, 
238 pages. 

[26] Loveland, T. R., Zhu, Z., Ohlen, D. O., 
Brown, J. F., Reed, B. C. and Yang, L., 
1999. An analysis of the IGBP Global 
Land-Cover Characterization Process, 
Photogrammetric Engineering and Re-
mote Sensing, 65 (9), pp.1021 – 1032. 

[27] Friedl, M.A., McIver, D.K., Hodges, J.C.F., 
Zhang, X.Y., Muchoney, D., Strahler, A.H., 
Woodcock, C.E., Gopal, S., Schneider, A., 
Cooper, A., Baccini, A., Gao, F. and Schaaf, 
C., 2002. Global land cover mapping 
from MODIS: algorithms and early 
results, Remote Sensing of Environment 
83 (1), pp.287–302. 

[28] Bartholome, E. M. and Belward A. S., 
2005. GLC2000; a new approach to 
global land cover mapping from Earth 
Observation data. International Journal 
of Remote Sensing, 26 (9), pp.1959 
- 1977. 

[29] Gong, P., Wang, J., Yu, L., Zhao, Y., Zhao, Y. 
Liang, L., Niu, Z., Huang, X., Fu, H., Liu, S., 
Li, C., Li, X., Fu, W., Liu, C., Xu, Y., Wang, X., 
Cheng, Q., Hu, L., Yao, W., Zhang, H., Zhu, 
P., Zhao, Z., Zhang, H., Zheng, Y., Ji, L., 
Zhang, Y., Chen, H., Yan, A., Guo, J., Yu, L., 
Wang, L., Liu, X., Shi, T., Zhu, M., Chen, Y., 
Yang, G., Tang, P., Xu, B., Giri, C., Clinton, 
N., Zhu, Z., Chen, J. and Chen, J., 2013, 
Finer resolution observation and moni-
toring of global land cover: first mapping 
results with Landsat TM and ETM+ data, 
International Journal of Remote Sensing, 
34 (7), pp.2607–2654. 

[30] Belward, A. S., and Skøien, J. O., 2015. 
Who launched what, when and why; 
trends in global land-cover observation 
capacity from civilian earth observation 
satellites. ISPRS Journal of Photo-
grammetry and Remote Sensing, 103, 
pp.115-128. 

[31] USGS (2020) The Landsat 8 Data Users 
Handbook  https://www.usgs.gov/land-re-
sources/nli/landsat/landsat-8-data-us-
ers-handbook (accessed 31 January 
2020).

[32] Woodcock, C.E., Allen, R., Anderson, M., 
Belward, A., Bindschadler, R., Cohen, W., 
Gao, F., Goward, S.N., Helder, D., Helmer, 
E. and Nemani, R., 2008. Free access to 
Landsat imagery. Science, 320(5879), 
pp.1011-1011.

[33] Wulder, M.A., Masek, J.G., Cohen, W.B., 
Loveland, T.R. and Woodcock, C.E., 2012. 
Opening the archive: How free data has 
enabled the science and monitoring 
promise of Landsat. Remote Sensing of 
Environment, 122, pp.2-10.

[34] Wulder, M.A., White, J.C., Loveland, T.R., 
Woodcock, C.E., Belward, A.S., Cohen, 
W.B., Fosnight, E.A., Shaw, J., Masek, J.G. 
and Roy, D.P., 2016. The global Landsat 
archive: Status, consolidation, and direc-
tion. Remote Sensing of Environment, 
185, pp.271-283. 

[35] USGS (2020) The Landsat 8 Data Users 
Handbook  https://www.usgs.gov/land-re-
sources/nli/landsat/landsat-8-data-us-
ers-handbook (accessed 31 January 
2020).

[36] USGS (2020) The Landsat 7 Data Users 
Handbook  https://www.usgs.gov/land-re-
sources/nli/landsat/landsat-7-data-us-
ers-handbook (accessed 31 January 
2020).

[37] Chen, J., Zhu, X., Vogelmann, J.E., Gao, F. 
and Jin, S., 2011. A simple and effective 
method for filling gaps in Landsat ETM+ 
SLC-off images. Remote Sensing of Envi-
ronment, 115(4), pp.1053-1064.

[38] Markham, B. L., Storey, J. C., Williams, D. 
L. and Irons, J. R., 2004. Landsat sensor 
performance: history and current status. 
IEEE Transactions on Geoscience and 
Remote Sensing, 42, pp.2691–2694. 

[39] Arvidson, T., Gasch, J. and Goward, S. N., 
2001. Landsat 7's long-term acquisition 
plan—An innovative approach to build-
ing a global imagery archive. Remote 
Sensing of Environment, 78, pp.13-26. 

[40] Gorelick, N., Hancher, M., Dixon, M., 
Ilyushchenko, S., Thau, D. and Moore, R., 
2017. Google Earth Engine: Plane-
tary-scale geospatial analysis for every-
one. Remote Sensing of Environment, 
202, pp.18-27. 

[41] Arendt, A., Bliss, A., Bolch, T., Cogley, J.G., 
Gardner, A.S., Hagen, J.O., Hock, R., Huss, 
M., Kaser, G., Kienholz, C. and Pfeffer, 
W.T., 2015. Randolph Glacier Invento-
ry–A dataset of global glacier outlines: 
Version 5.0. Digital Media.

[42] Pesaresi, M., Guo, H., Blaes, X., Ehrlich, 
D., Ferri, S., Gueguen, L., Halkia, M., Kau-
ffmann, M., Kemper, T. and Lu, L., 2013. 
A Global Human Settlement Layer from 
optical HR/VHR RS data: Concept and 
first results. IEEE Journal of Selected 
Topics in Applied Earth Observations 
and Remote Sensing, 6, doi: 10.1109/ 
JSTARS.2013.2271445, pp.2102-2131.



Atlas of Global Surface Water Dynamics | Part 6 – Appendices and References128

Appendices and References

https://global-surface-water.appspot.com/  
 
This QR code points to the full online version of the Atlas, 
where the most updated content may be freely accessed.

[43] Pesaresi, M., Ehrlich, D., Ferri, S., 
Florczyk, A., Freire, S., Halkia, M., Julea, 
A., Kemper, T., Soille, P. and Syrris, V., 
2016. Operating procedure for the 
production of the Global Human Settle-
ment Layer from Landsat data of the 
epochs 1975, 1990, 2000, and 2014. 
Publications Office of the European 
Union, doi: 10.2788/656115 (print) 
10.2788/253582 pp.1-62.

[44] Gorelick, N., Hancher, M., Dixon, M., 
Ilyushchenko, S., Thau, D. and Moore, R., 
2017. Google Earth Engine: Plane-
tary-scale geospatial analysis for every-
one. Remote Sensing of Environment, 
202, pp.18-27. 

[45] Metadata Page from USGS: https://lta. 
cr.usgs.gov/GTOPO30. 

[46] Danielson, J. J. and Gesch, D. B., 2011., 
Global multi-resolution terrain elevation 
data 2010 (GMTED2010), U.S. Geologi-
cal Survey, USGS Publications Ware-
house, Report 2011-1073 http://pubs.
er.usgs.gov/publication/ ofr20111073. 
Metadata Page from USGS: https://lta.
cr.usgs.gov/GMT- ED2010. 

[47] Jarvis, A., Reuter, H.I., Nelson, A. and 
Guevara, E., 2008. Hole-filled SRTM for 
the globe Version 4, available from the 
CGIAR-CSI SRTM 90m Database: http://
srtm.csi.cgiar.org.

[48] Metadata page from USGS: https://lta. 
cr.usgs.gov/SRTM1Arc. 

[49] Gutman, G., Huang, C., Chander, G., 
Noojipady, P. and Masek, J. G., 2013. As-
sessment of the NASA–USGS global land 
survey (GLS) datasets. Remote Sensing 
of Environment, 134, pp.249-265. 

[50] Storey, J., Choate, M. and Lee, K., 2014. 
Landsat 8 Operational Land Imager 
on-orbit geometric calibration and 
performance. Remote Sensing, 6(11), 
pp.11127-11152. 

[51] Pekel, J.F., Cottam, A., Gorelick, N. and 
Belward, A.S., 2016. High-resolution 
mapping of global surface water and its 
long-term changes. Nature, 540(7633), 
pp.418-422.

[52] FAO Metadata Page: http://www.fao. 
org/geonetwork/srv/en/metadata. 
show?id=12691.

Part 3 - 
Global overview 
(pp46-51)

Global distribution of 
surface water varies 
dramatically in space and 
time
(pp48-49)

[1] Pekel, J.F., Cottam, A., Gorelick, N. and 
Belward, A.S., 2016. High-resolution 
mapping of global surface water and its 
long-term changes. Nature, 540(7633), 
pp.418-422.

[2] World Population Prospects: The 2015 
Revision, Key Findings and Advance 
Tables. (ESA/P/WP.241). Department of 
Economic and Social Affairs, Population 
Division. © 2015 United Nations. Reused 
with the permission of the United 
Nations. 

[3] Pekel, J.F., Cottam, A., Gorelick, N. and 
Belward, A.S., 2016. High-resolution 
mapping of global surface water and its 
long-term changes. Nature, 540(7633), 
pp.418-422.

[4] Bartholome, E., and Belward, A. S., 2005. 
GLC2000: a new approach to global land 
cover mapping from Earth observation 
data. International Journal of Remote 
Sensing, 26(9), pp.1959-1977. 

[5] Schneider, A., Friedl, M. A. and Potere, D., 
2009. A new map of global urban extent 
from MODIS satellite data. Environmen-
tal Research Letters, 4(4), 044003. 

[6] United nations., 2019. https://www.
un.org/en/ sections/issues-depth/popula-
tion/index. html (accessed 1 November 
2019). 

[7] Stokes, C. R., Sanderson, J. E., Miles, B. W., 
Jamieson, S. S. and Leeson, A. A., 2019. 
Widespread distribution of supraglacial 
lakes around the margin of the East 
Antarctic Ice Sheet. Scientific reports, 
9, pp.1-14. 

[8] Fahnestock, M., Scambos, T., Moon, T., 
Gardner, A., Haran, T. and Klinger, M., 
2016. Rapid large-area mapping of ice 
flow using Landsat 8. Remote Sensing of 
Environment, 185, pp.84-94. 

[9] Nagler, T., Rott, H., Hetzenecker, M., 
Wuite, J. and Potin, P., 2015. The Sen-
tinel-1 mission: New opportunities for 
ice sheet observations. Remote Sensing, 
7(7), pp.9371-9389. Nature and humans 
cause changes in surface water persis-
tence across the planet (pp50-51) .

[10] International Commission on Large 
Dams World Register., 2019. http:// www.
icold-cigb.org/GB/World_register/ general 
synthesis.asp?IDA=206 (accessed 3 
November 2019). 

[11] Yang, S.Q., Liu, J., Lin, P. and Jiang, C., 
2013. Coastal reservoir strategy and its 
applications. Water Resources Planning, 
Development and Management, Intech, 
United States, pp.95-115. 

[12] Kosarev, A.N., Kostianoy, A.G. and Zonn, 

I.S., 2009. Kara-Bogaz-Gol Bay: physical 
and chemical evolution. Aquatic Geo-
chemistry, 15(1-2), pp.223-236.

[13] Lutz, A. F., Immerzeel, W. W., Shrestha, A. 
B. and Bierkens, M. F. P., 2014. Consistent 
increase in High Asia's runoff due to 
increasing glacier melt and precipitation. 
Nature Climate Change, 4(7), pp.587-
592. 

[14] Liu, B., Li, L., Feng, Q., Xie, H., Liang, T., 
Hou, F. and Ren, J., 2016. Outburst flood-
ing of the moraine-dammed Zhuonai 
Lake on Tibetan plateau: causes and 
impacts. IEEE Geoscience and Remote 
Sensing Letters, 13(4), pp.570-574.

[15] Rahman, A.F., Dragoni, D. and El-Masri, 
B., 2011. Response of the Sundarbans 
coastline to sea level rise and decreased 
sediment flow: A remote sensing assess-
ment. Remote Sensing of Environment, 
115, pp.3121-3128. 

[16] Blum, M.D. and Roberts, H.H., 2009. 
Drowning of the Mississippi Delta due to 
insufficient sediment supply and global 
sea-level rise. Nature Geoscience, 2(7), 
pp.488-491.

[17] Statistics Finland., 2019. http://www. 
stat.fi/tup/suoluk/suoluk_alue_en.html 
(accessed 3 November 2019).

[18] Micklin, P., 2016. The future Aral Sea: 
hope and despair. Environmental Earth 
Sciences, 75 (9), pp.1-15. 

[19] Najafi, A., and Vatanfada, J., 2011. Envi-
ronmental challenges in trans-boundary 
waters, case study: Hamoon Hirmand 
Wetland (Iran and Afghanistan). Interna-
tional Journal of Water Resources and 
Arid Environments, 1, pp.16-24. 

[20] Zafarnejad, F., 2009. The contribution of 
dams to Iran’s desertification. Interna-
tional Journal of Environmental Studies, 
66.3, pp.327-341.

[21] van Dijk, A.I., Beck, H.E., Crosbie, R.S., de 
Jeu, R.A., Liu, Y.Y., Podger, G.M., Timbal, 
B. and Viney, N.R., 2013. The Millen-
nium Drought in southeast Australia 
(2001–2009): Natural and human 
causes and implications for water 
resources, ecosystems, economy, and 
society. Water Resources Research, 
49(2), pp.1040-1057. 

[22] MacDonald, G. M., 2010. Water, climate 
change, and sustainability in the 
southwest. Proceedings of the National 
Academy of Sciences, 107, pp.21256- 
21262.

[23] Hou, X., Wu, T., Hou, W., Chen, Q., Wang, 
Y. and Yu, L., 2016. Characteristics of 
coastline changes in mainland China 
since the early 1940s. Science China 
Earth Sciences, 59, pp.1791-1802.

Part 4 - 
Regional highlights
(pp52-119)

The Polar Regions
(pp54-57)

[1] Stokes, C. R., Sanderson, J. E., Miles, 
B. W.,Jamieson, S. S., and Leeson, A. 
A., 2019. Widespread distribution of 
supraglacial lakes around the margin of 
the East Antarctic Ice Sheet. Scientific 
reports, 9, pp.1-14. 

[2] BindHowat, I.M., De la Pena, S., Van 
Angelen, J.H., Lenaerts, J.T.M. and Van 
den Broeke, M.R., 2012. Expansion of 
meltwater lakes on the Greenland ice 
sheet. The Cryosphere Discussions, 6, 
pp.4447-4454. 

[3] Leeson, A.A., Shepherd, A., Briggs, K., 
Howat, I., Fettweis, X., Morlighem, M. and 
Rignot, E., 2015. Supraglacial lakes on 
the Greenland ice sheet advance inland 
under warming climate. Nature Climate 
Change, 5, pp.51-55.

North and Central America
(pp58-67)

[4] Day, J.W., Kemp, G.P., Freeman, A.M. and 
Muth, D.P. eds., 2014. Perspectives on 
the Restoration of the Mississippi Delta: 
The Once and Future Delta. Springer 
(Dordrecht). ISBN 978-94-017-8733-8, 
194 pages. 

[5] Couvillion, B.R., Beck, H., Schoolmaster, D. 
and Fischer, M., 2017. Land area change 
in coastal Louisiana (1932 to 2016) 
Scientific Investigations Map 3381, 
USGS https://doi.org/10.3133/. 

[6] Chamberlain, E.L., Törnqvist, T.E., Shen, 
Z., Mauz, B. and Wallinga, J., 2018. 
Anatomy of Mississippi Delta growth and 
its implications for coastal restoration. 
Science advances, 4(4), DOI: 10.1126/
sciadv.aar4740.

[7] Jiang, N., Martin, S., Morton, J., Murphy, 
S. and Colorado River Governance 
Initiative., 2015. The bathtub ring. 
Shrinking lake mead: Impacts on water 
supply, hydropower, recreation and the 
environment. University of Colorado Law 
School https://pdfs.semanticschol- ar.org/
cbc1/547770da72bad60e5c12a- 
3fa86a4b22c2cf5.pdf accessed 7 
January 2020.

[8] De León, L.F. and Lopez, O.R., 2016. Bio-
diversity beyond trees: Panama’s Canal 
provides limited conservation lessons for 
Nicaragua. Biodiversity and conservation, 
25(13), pp.2821-2825.

[9] Condit, R., 2015. Extracting environ-
mental benefits from a new canal in 
Nicaragua: Lessons from Panama. Public 
Library of Science (PLoS) biology, 13(7), 
p.e1002208.

[10] Maritime Connector., 2020. https:// 
maritime-connector.com/wiki/panamax/ 
(accessed 24 January 2020).

South America
(pp68-75)

[11] Figueiredo, J.J.J.P., Hoorn, C., Van der Ven, 
P. and Soares, E., 2009. Late Miocene 
onset of the Amazon River and the 
Amazon deep-sea fan: Evidence from 
the Foz do Amazonas Basin. Geology, 
37(7), pp.619-622. 

[12] Beluco, A. and de Souza, P.K., 2014. 
Energy at the junction of the rivers 
Negro and Solimões, contributors of the 
Amazon River, in the Brazilian Amazon. 
International scholarly research notices, 
http://dx.doi. org/10.1155/2014/794583, 
10 pages. 

[13] Laraque, A., Guyot, J.L. and Filizola, N., 
2009. Mixing processes in the Amazon 
River at the confluences of the Negro 
and Solimões Rivers, Encontro das 
Águas, Manaus, Brazil. Hydrological Pro-
cesses: An International Journal, 23(22), 
pp.3131-3140. 

[14] Harris, M.B., Tomas, W., Mourao, G., Da 
Silva, C.J., Guimaraes, E., Sonoda, F. and 
Fachim, E., 2005. Safeguarding the Pan-
tanal wetlands: threats and conservation 
initiatives. Conservation Biology, 19(3), 
pp.714-720. 

[15] Camargo, M., Giarrizzo, T. and Isaac, V., 
2004. Review of the geographic distri-
bution of fish fauna of the Xingu river 
basin, Brazil. Ecotropica, 10, pp.123-147.

[16] Power Technology., 2020. https://www.
power-technology.com/projects/belo-
montehydroelectr/ (accessed 13 January 
2020). 

[17] Calvi, M.F., Moran, E.F., da Silva, R.F.B. and 
Batistella, M., 2020. The construction 
of the Belo Monte dam in the Brazil-
ian Amazon and its consequences on 
regional rural labor. Land Use Policy, 
90, p.104327, https://doi.org/10.1016/j. 
landusepol.2019.104327.

[18] Bonetto, A.A., Wais, J.R. and Castello, H.P., 
1989. The increasing damming of the 
Paraná basin and its effects on the low-
er reaches. Regulated Rivers: Research & 
Management, 4(4), pp.333-346.

[19] Baigún, C.R., Puig, A., Minotti, P.G., 
Kandus, P., Quintana, R., Vicari, R., 
Bo, R., Oldani, N.O. and Nestler, J.A., 
2008. Resource use in the Parana 
River Delta (Argentina): moving away 
from an eco-hydrological approach? 
Ecohydrology and Hydrobiology, 8(2-4), 
pp.245-262.

Europe
(pp76-81)

[20] Ambrosetti, W., Barbanti, L., Rolla, 
A., Castellano, L. and Sala, N., 2012. 
Hydraulic paths and estimation of the 
real residence time of the water in Lago 
Maggiore (N. Italy): application of mass-
less markers transported in 3D motion 
fields. Journal of Limnology, 71(1), 
pp.e2-e2. DOI: 10.3274/JL12-71-1-07.

[21] Morabito, G., Rogora, M., Austoni, M. 
and Ciampittiello, M., 2018 Could the 
extreme meteorological events in 
Lake Maggiore watershed determine a 
climate-driven eutrophication process?. 
Hydrobiologia, 824(1), pp.163-175.

[22] Broyer, J. and Curtet, L., 2012. Biodiversi-
ty and fish farming intensification in 
French fishpond systems. Hydrobiologia, 
694(1), pp.205-218.

[23] [23] Cai, X., Fan, J., Jiang, Z., Basso, B., 
Sala, F., Spada, A., Grassi, F. and Lu, B.R., 
2013. The puzzle of Italian rice origin 
and evolution: determining genetic diver-
gence and affinity of rice germplasm 
from Italy and Asia. Public Library of 
Science one 8(11).

[24] Zampieri, M., Ceglar, A., Manfron, G., 
Toreti, A., Duveiller, G., Romani, M., Rocca, 
C., Scoccimarro, E., Podrascanin, Z. and 
Djurdjevic, V., 2019. Adaptation and 
sustainability of water management for 
rice agriculture in temperate regions: 
The Italian case-study. Land Degradation 
& Development, 30(17), pp.2033-2047.

Russia
(pp82-85)

[25] Serikova, S., Pokrovsky, O.S., Laudon, H., 
Krickov, I.V., Lim, A.G., Manasypov, R.M. 
and Karlsson, J., 2019. High carbon 
emissions from thermokarst lakes of 
Western Siberia. Nature communica-
tions, 10(1), pp.1-7.

[26] Schuur, E.A., McGuire, A.D., Schädel, C., 
Grosse, G., Harden, J.W., Hayes, D.J., 
Hugelius, G., Koven, C.D., Kuhry, P., 
Lawrence, D.M. and Natali, S.M., 2015. 
Climate change and the permafrost 
carbon feedback. Nature, 520(7546), 
pp.171-179. 

[27] Gilg, O., Sané, R., Solovieva, D.V., Pozdn-
yakov, V.I., Sabard, B., Tsanos, D., Zöckler, 
C., Lappo, E.G., Syroechkovski Jr, E.E. and 
Eichhorn, G., 2000. Birds and mammals 
of the Lena Delta nature reserve, Sibe-

ria. Arctic, 53(2), pp.118-133. 
[28] Blanchette, R.A., Held, B.W., Hellmann, 

L., Millman, L. and Büntgen, U., 2016. 
Arctic driftwood reveals unexpectedly 
rich fungal diversity. Fungal ecology, 23, 
pp.58-65. 

[29] Liebner, S., Rublack, K., Stuehrmann, 
T. and Wagner, D., 2009. Diversity of 
aerobic methanotrophic bacteria in a 
permafrost active layer soil of the Lena 
Delta Siberia. Microbial ecology, 57(1), 
pp.25-35. 

Africa
(pp86-91)

[30] Zeitoun, M., Dirar, A., El Moghraby, A. and 
Hashim, M.J., 2019. A “justice” reading of 
the trans-national struggle of the people 
displaced by the Merowe Dam. Local 
Environment, 24(2), pp.129-145. 

[31] OECD., 2008. Livestock and regional 
market in the Sahel and West Africa 
Potentials and challenges https://www. 
oecd.org/swac/publications/41848366. 
pdf (accessed 16 January 2020). 

[32] Cooper, R., 2018. Natural Resources 
Management Strategies in the Sahel. 
K4D Helpdesk Report. Brighton, UK: 
Institute of Development Studies https://
opendocs.ids.ac.uk/opendocs/ han-
dle/20.500.12413/14277. 

[33] Cabot, C., 2017. Climate change and 
farmer–herder conflicts in west Africa. 
In Climate Change, Security Risks and 
Conflict Reduction in Africa, Springer, 
Berlin, Heidelberg, pp.11-44. 

[34] Lemoalle, J., Bader, J.C., Leblanc, M. and 
Sedick, A., 2012. Recent changes in Lake 
Chad: Observations, simulations and 
management options (1973– 2011). 
Global and Planetary Change, 80, 
pp.247-254. 

[35] Gao, H., Bohn, T.J., Podest, E., McDonald, 
K.C. and Lettenmaier, D.P., 2011. On the 
causes of the shrinking of Lake Chad. 
Environmental Research Letters, 6(3), 
p.034021. 7 pages. 

[36] Onuoha, F.C., 2008. Saving Africa's 
shrinking lakes through water transfer 
projects: reflections on the proposed 
Lake Chad Replenishment Project. 
Nigerian Journal of International Affairs, 
34(2), pp.65-84.

[37] Wolski, P. and Murray-Hudson, M., 
2007. Managing water abstractions 
for preserving the Okavango wetlands, 
Botswana, in Wetlands: Monitoring, 
Modelling and Management (edited by 
Tomasz Okruszko, Edward Maltby, Jan 
Szatylowicz and Dorota Miroslaw-Swi-
atek), pp.223 - 230.

[38] Davidson, T.A., Mackay, A.W., Wolski, P., 
Mazebedi, R., Murray-Hudson, M.I.K.E. 
and Todd, M., 2012. Seasonal and spatial 
hydrological variability drives aquatic 
biodiversity in a flood-pulsed, sub-trop-
ical wetland. Freshwater Biology, 57(6), 
pp.1253-1265.

South and East Asia
(pp92-105)

[39] Reddy, P.R., 2015. An over view of Irri-
gation Tanks Rehabilitation in semi-arid 
hard rock terrain. The Journal of Indian 
Geophysical Union, 19(4), pp.481-487.

[40] United Nations, Department of Economic 
and Social Affairs, Population Division., 
2018. The World’s Cities in 2018—Data 
Booklet (ST/ESA/ SER.A/417), 32 pages.

[41] Haas, J. and Ban, Y., 2014. Urban growth 
and environmental impacts in Jing-Jin-
Ji, the Yangtze, River Delta and the Pearl 
River Delta. International Journal of 
Applied Earth Observation and Geoinfor-
mation, 30, pp.42-55.

[42] Lin, Q. and Yu, S., 2018. Losses of 
natural coastal wetlands by land 
conversion and ecological degradation in 
the urbanizing Chinese coast. Scientific 
reports, 8(1), p.15046.

[43] Mei, X., Dai, Z., Du, J. and Chen, J., 2015. 
Linkage between Three Gorges Dam 
impacts and the dramatic recessions in 
China’s largest freshwater lake, Poyang 
Lake. Scientific reports, 5, p.18197.

[44] Sarma, J. and Acharjee, S., 2018. A 
Study on Variation in Channel Width and 
Braiding Intensity of the Brahmaputra 
River in Assam, India. Geosciences, 8(9), 
pp.343 - 362.

[45] Bhattachaiyya, N.N. and Bora, A.K., 1997. 
Floods of the Brahmaputra river in India. 
Water international, 22(4), pp.222-229.

[46] Uhe, P., Mitchell, D., Bates, P., Sampson, 
C., Smith, A. and Islam, A.S., 2019. 
Enhanced flood risk with 1.5° C global 
warming in the Ganges-Brahmapu-
tra-Meghna basin. Environmental Re-
search Letters 14(7), 074031 https://doi.
org/10.1088/1748-9326/ab10ee.

[47] Sarma, J. and Acharjee, S., 2018. A 
Study on Variation in Channel Width and 
Braiding Intensity of the Brahmaputra 
River in Assam, India. Geosciences, 8(9), 

pp.343 - 362.
[48] Webster, P.J., Jian, J., Hopson, T.M., Hoyos, 

C.D., Agudelo, P.A., Chang, H.R., Curry, J.A., 
Grossman, R.L., Palmer, T.N. and Subbiah, 
A.R., 2010. Extended-range probabilistic 
forecasts of Ganges and Brahmaputra 
floods in Bangladesh. Bulletin of the 
American Meteorological Society, 91(11), 
pp.1493-1514.

[49] Ali, A.M.S., 2006. Rice to shrimp: Land 
use/land cover changes and soil deg-
radation in Southwestern Bangladesh. 
Land Use Policy, 23(4), pp.421-435.

[50] Pethick, J. and Orford, J. D., 2013. Rapid 
rise in effective sea-level in southwest 
Bangladesh: Its causes and contempo-
rary rates. Global and Planetary Change, 
111, pp.237-245. 

[51] Hazra, S., Ghosh, T., DasGupta, R. and 
Sen, G., 2002. Sea level and associated 
changes in the Sundarbans. Science and 
Culture, 68(9/12), pp.309-321. 

[52] Meyers, P.A., Takemura, K. and Horie, S., 
1993. Reinterpretation of Late Quater-
nary sediment chronology of Lake Biwa, 
Japan, from correlation with marine 
glacial-interglacial cycles. Quaternary 
Research, 39(2), pp.154-162. 

[53] Chen, X., Chen, Y., Shimizu, T., Niu, J., Na-
kagami, K.I., Qian, X., Jia, B., Nakajima, J., 
Han, J. and Li, J., 2017. Water resources 
management in the urban agglomera-
tion of the Lake Biwa region, Japan: An 
ecosystem services-based sustainability 
assessment. Science of the Total Envi-
ronment, 586, pp.174-187. 

[54] Inoue, S., 2018. Realities and challenges 
of port alliance in Japan—Ports of Kobe 
and Osaka. Research in transportation 
business & management, 26, pp.45-55. 

Central Asia and the  
Middle East
(pp106-115)

[55] Micklin, P. and Aladin, N.V., 2008. 
Reclaiming the Aral Sea. Scientific 
American, 298(4), pp.64-71. 

[56] Micklin, P., 2007. The Aral Sea disaster. 
Annual Review of Earth and Planetary 
Sciences, 35, 10.1146/an- nurev.
earth.35.031306.140120, pp.47-72.

[57] Micklin, P., 2016. The future Aral Sea: 
hope and despair. Environmental Earth 
Sciences, 75(9), pp.1-15. 

[58] National Geographic., 2018. https:// 
www.nationalgeographic.com/ 
news/2018/03/north-aral-sea-resto-
ration-fish-kazakhstan/ (accessed 19 
January 2020). 

[59] Liu, B., Li, L., Feng, Q., Xie, H., Liang, T., 
Hou, F. and Ren, J., 2016. Outburst flood-
ing of the moraine-dammed Zhuonai 
Lake on Tibetan plateau: causes and 
impacts. IEEE Geoscience and Remote 
Sensing Letters, 13(4), pp.570-574.

[60] Ouis P., 2010. “And an Island Never 
Cries”: Cultural and Societal Perspectives 
on the Mega Development of Islands in 
the United Arab Emirates. In: Badescu 
V., Cathcart R. (eds) Macro-engineering 
Seawater in Unique Environments. 
Environmental Science and Engi-
neering (Environmental Engineering). 
Springer, Berlin, Heidelberg https://doi.
org/10.1007/978-3-642-14779-1 3, 
pp.59-75.

[61] Steiner, C., 2010. From heritage to 
hyper-reality? Tourism destination 
development in the Middle East between 
Petra and the Palm. Journal of Tourism 
and Cultural Change, 8(4), pp.240-253.

[62] Hamza, W., Hameli, S.A., Ramadan, 
G. and Hameli, M.A., 2018. Coastal 
alternation and its impact on diversity 
of macrobenthic fauna in the intertidal 
zone of Abu Dhabi Western Coast (UAE). 
Journal of Marine Biology & Oceanogra-
phy, 7(1), pp.1-11.

[63] Ghaffari, K., Habibzadeh, T., Asfad, M.N. 
and Mousazadeh, R., 2017. Construction 
of artificial island in southern coast of 
the Persian Gulf from the viewpoint of 
international environmental law. Journal 
of Politics and Law, 10, pp.264 – 275.

[64] Portman, M.E., 2019. Detached Islands: 
Artificial Islands as adaptation chal-
lenges in the making. DIE ERDE–Journal 
of the Geographical Society of Berlin, 
150(3), pp.158-168.

[65] Najafi, A. and Vatanfada, J., 2011. Envi-
ronmental challenges in trans-boundary 
waters, case study: Hamoon Hirmand 
Wetland (Iran and Afghanistan). Interna-
tional Journal of Water Resources and 
Arid Environments, 1, pp.16-24.

[66] Al-Dabbas, M.A., Al-Zubaidi, A.A. and 
Al-Khafaji, R., 2015. Impact of climate 
changes on the hydrochemistry of 
Razaza Lake and Rahaliya—Shitha-
tha Springs—Central Iraq. Journal 
of Environment and Earth Science, 5, 
pp.106-115. 

[67] BirdLife International., 2018. Important 
Bird Areas factsheet: Razzaza Lake (Bahr 
Al Milh). Downloaded from http://www.
birdlife.org (accessed 24 April 2018).

Oceania
(pp116-119)

[68] Costion, C., Foulkes, J., Lang, P., Brandle, 
R. and Lowe, A.J., 2011. Linking park 
boundaries is not enough–A scientific 
assessment of the NatureLinks East 
meets west corridor strategy. Plant 
Biodiversity Science, Discovery, and Con-
servation: Case Studies from Australasia 
and the Pacific, pp.207 – 234.

[69] Guerin, G.R., Biffin, E., Baruch, Z. and 
Lowe, A.J., 2016. Identifying centres of 
plant biodiversity in South Australia. 
Public Library of Science One, 11(1), 
p.e0144779. 19 pages. 

[70] Davidson B., 2019. Lake Gairdner salt 
lake touring: the calm before and after 
the madness of Speed Week, The Can-
berra Times 13 April 2019. https://www.
canberratimes.com.au/ story/6042717/
into-the-big-blue-and- red-and-white-
of-australias-salt-lakes/ (accessed 20 
January 2020).

[71] Jenkin, T., Ackland, L. and Muller, S., 
2009. Towards a cooperative approach 
to the cultural and ecological assess-
ment and management of rock-holes 
in the Gawler Ranges native title claim 
area. South Australian Arid Lands Natu-
ral Resources Management Board, Port 
Augusta, SA, 78 pages. 

[72] Roshier, D.A., Whetton, P.H., Allan, R.J. 
and Robertson, A.I., 2001. Distribution 
and persistence of temporary wetland 
habitats in arid Australia in relation 
to climate. Austral Ecology, 26(4), 
pp.371-384. 

[73] Dudgeon, D., 2012. Responses of benthic 
macroinvertebrate communities to 
altitude and geology in tributaries of 
the Sepik River (Papua New Guinea): the 
influence of taxonomic resolution on the 
detection of environmental gradients. 
Freshwater Biology, 57(9), pp.1794-
1812. 

[74] Silverman, E.K., 2018. The Sepik River, 
Papua New Guinea: Nourishing Tradition 
and Modern Catastrophe. In Island Riv-
ers, edited by J.R. Wagner and J.K. Jacka 
(Australian National University Press), 
Asia-Pacific Environment monograph 13 
DOI: 10.22459/IR.06.2018, pp.187-221. 

[75] Bainton, N.A. and Banks, G., 2018. Land 
and access: A framework for analysing 
mining, migration and development in 
Melanesia. Sustainable Development, 
26(5), pp.450-460. 

[76] Fletcher L. and Peni E., 2019. The River 
is Not Ours (Jubilee Australia Research 
Centre, Project Sepik), https:// www.jubi-
leeaustralia.org/project-info/ the-frieda-
river-mine-the-threat-to- the-sepik-river 
(accessed 15 January 2020), 24 pages.

Part 5 - 
Conclusions 
(pp120-123)

[1] Bihari, D., 2014. Le akarták csapolni 
a Balatont, https://24.hu/tudoma-
ny/2014/07/23/le-akartak-csapolni-a-
balatont/ (accessed 5 February 2020).

[2] Domschitz, M., 2019. A párttitkár, aki 
leeresztette volna a Balatont, hogy 
kukoricát ültessen a helyén, https://index.
hu/techtud/tortenelem/2019/07/11/part-
tikar_mszmp_szocialista_manhattan_
balaton_kukorica_pap_janos_huszeme-
letes_brusznyai_veszprem_mi_videkunk/ 
(accessed 5 February 2020).

[3] https://mars.jrc.ec.europa.eu/asap/coun- 
try.php?cntry=170. 

[4] Copernicus Programme., 2020. Coper-
nicus Policy https://www.copernicus.eu/ 
en/documentation/copernicus-policy/
co-pernicus-policy (accessed 24 January 
2020). 

[5] Robock, A., Ammann, C.M., Oman, L., 
Shindell, D., Levis, S. and Stenchikov, G., 
2009. Did the Toba volcanic eruption of 
~74 ka BP produce widespread glacia-
tion? Journal of Geophysical Research: 
Atmospheres, 114(D10). doi:10.1029/ 
2008JD011652, 9 pages.







KJ-N
A-30098-EN

-N

EUR 30098 EN • Price (excluding VAT) in Luxembourg €25

Why is water the Earth’s most precious resource?

No water, no life.

How do surface waterbodies affect our planet’s climate, its biodiversity 
and our well-being? And, how do we affect it?

What are the consequences of such surface water changes?

Where has land disappeared under water and vice versa? 

How does mapping over time help our understanding  
of where and when the Earth’s waterbodies are found?

This Atlas reveals the vivid and changing face of our planet’s surface water. Migrating 
rivers, shrinking and expanding wetlands, new coastlines, old coastlines, estuaries, 
mudflats, glacial-melt lakes, rice fields and irrigation canals, salt ponds, fish ponds, new 
lakes, ancient lakes, submerged land and new land, all underscore the beauty and fragility 
of our natural - and anthropogenic - environment.

Our planet’s surface water is intensely dynamic. And until now these dynamics have not 
been mapped. Where is the Earth’s landmass permanently under water? Where are seasonal 
waterbodies found? When do they fill and empty? Where have new lakes formed and others 
emptied? Where do rivers move and where are they stable? Unique maps combining space 
and time, created from almost 4 million satellite images from the USGS/NASA Landsat 
Programme and the EU’s Copernicus Programme, begin to answer these questions and tell 
the story of how surface water affects us, and us it.


