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Accounting for approximately 99% of all liquid freshwater on Earth, groundwater has 
the potential to provide societies with tremendous social, economic and environmental 
bene�ts and opportunities. Groundwater already provides half of the volume of water 
withdrawn for domestic use by the global population, including the drinking water for 
the vast majority of the rural population who do 
not get their water delivered to them via public 
or private supply systems, and around 25% of all 
water withdrawn for irrigation. However, this natural 
resource is often poorly understood, and consequently 
undervalued, mismanaged and even abused. 

Groundwater is central to the �ght against poverty, 
to food and water security, to the creation of decent 
jobs, to socio-economic development, and to the 
resilience of societies and economies to climate 
change. Reliance on groundwater will only increase, 
mainly due to growing water demand by all sectors 
combined with increasing variation in rainfall patterns.

The report describes the challenges and opportunities associated with the development, 
management and governance of groundwater across the world. It aims to establish a 
clear understanding of the role that groundwater plays in daily life, of its interactions with 
people, and of the opportunities for optimizing its use in order to ensure the long-term 
sustainability of this largely available yet fragile resource. 

Unlocking the full potential of groundwater will require strong and concerted e�orts to 
manage and use it sustainably. And it all starts by making the invisible visible.

The vast potential of groundwater and the need to 
manage it sustainably can no longer be overlooked
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Foreword
by Audrey Azoulay, Director-General of UNESCO

The hydrological cycle teaches us that water is in constant movement. Water melts, evaporates, condensates and circulates – 
but it is never static. As part of this process, water seeps into soil, collecting in underground reservoirs. This groundwater is a 
critical natural resource, invisible but indispensable for life on our planet. 

Indeed, nearly 50% of the world’s urban population depends on underground water sources. Yet more and more aquifers are 
being polluted, overexploited, and dried up by humans, sometimes with irreversible consequences. Moreover, many decision-
makers in the water field lack a clear notion of groundwater, despite its essential role in the water cycle. 

That is why UNESCO, in cooperation with UN-Water, is organizing a global summit on groundwater in December 2022. That is 
also why this issue will be the theme of World Water Day on 22 March. And, finally, that is why groundwater is the focus of this 
year’s edition of the United Nations World Water Development Report.
 
This report, entitled “Groundwater, making the invisible visible”, raises awareness of this abundant yet fragile resource. It 
provides in-depth information on groundwater availability and underlines its importance in the provision of water to humans 
and the environment. 

Importantly, the report expands on current opportunities and imminent challenges and explores how we can use, manage and 
govern this resource sustainably. This means, among others, making smarter use of the potential of still sparsely developed 
groundwater resources, protecting groundwater against pollution and overexploitation, responding dynamically to the needs of 
an ever-increasing population, and responding effectively to the global climate and energy crises. 

Lastly, the report highlights interlinkages between groundwater and human health, poverty alleviation and gender equality. To 
this end, improved knowledge and capacity development is not enough; to protect aquifers, we also need innovation, in terms 
of technical interventions, institutional and legal reforms, improved financing, and behavioural changes.

This remarkable publication, coordinated by UNESCO, was made possible thanks to the ongoing support provided by the 
Government of Italy and the Regione Umbria to UNESCO’s World Water Assessment Programme. I also wish to thank the 
UN Water family for contributing its knowledge and skills.
 
For, when it comes to groundwater, many challenges and opportunities lie ahead. UNESCO is committed to addressing these, 
notably through its Intergovernmental Hydrological Programme. I therefore trust that this World Water Development Report 
will inspire decision-makers to adopt more focused approaches to developing, managing and governing groundwater – and, 
in doing so, make the invisible visible. 

Audrey Azoulay
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Foreword
by Gilbert F. Houngbo, Chair of UN-Water and 

President of the International Fund for Agricultural Development

Beneath our feet, out of sight, groundwater is a resource most of us rarely think about. Yet, almost all of the liquid freshwater 
in the world is groundwater, providing critical support to drinking water supplies, crops, industries and ecosystems. 

As this report makes clear, human activities over-use and pollute groundwater in many places; and in other locations, we 
simply do not know how much water is down there. The mismanagement of groundwater, and its frequent abuse either 
by contamination or over-exploitation, is a threat to the entire water cycle – and therefore a threat to human well-being 
and the survival of all life.

This year’s United Nations World Water Development Report focuses upon the need to explore and protect groundwater, 
and shows that equitable and sustainable management of it will be central to surviving and adapting to climate change 
and meeting the needs of a growing population. 

As ever, this publication is highly relevant both to an expert audience and to general readers seeking a better understanding 
of the part played by water in human societies and development. The experiences, information and analysis provided 
by UN-Water’s Members and Partners help us understand the many ways in which groundwater is critical to healthcare, 
agriculture, jobs, the environment and many other domains. 

The conclusion is clear: improving the way we use and manage groundwater is an urgent priority if we are to achieve the 
Sustainable Development Goals by 2030. 

Decision-makers must begin to take full account of the vital ways in which groundwater can help ensure the resilience 
of human life and activities in a future where the climate is becoming increasingly unpredictable. 

The 2022 United Nations World Water Development Report is the outcome of cooperation between various United Nations 
entities and partner organizations from the UN-Water ‘family’. A richly diverse collection of expert professionals has produced 
a comprehensive yet clear and accessible analysis of this topic that identifies challenges and recommends solutions.  

I am grateful to UNESCO and its World Water Assessment Programme for coordinating this edition, and to all colleagues 
who participated. 

We must protect and use groundwater sustainably, balancing the needs of people and the planet. I am confident that 
this report will provide the reader with a better understanding of how to improve groundwater policies and I hope it will 
spur the urgent action that is sorely needed.

Gilbert F. Houngbo
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Every past edition of the United Nation’s World Water Development Report (WWDR) has offered a rather unique outlook 
on water. Some reports have focused on relatively technical subjects such as energy, wastewater, nature-based solutions 
or climate change. Other water-related topics covered in these reports, such as sustainable development, water and jobs, 
leaving no one behind, or valuing water, have been addressed primarily through socio-economic lenses. In some cases, we 
were able to base our work on a considerable amount of previously existing data, information, analysis and material, while 
in others, the knowledge base was considerably limited, compelling us to take a more creative approach in designing and 
drafting the report. 

This latest WWDR is particularly unique: it is the first time that our report has focused on a specific element of the global 
water cycle – in this case, groundwater. In other words, the topic (or theme) of this year’s report is more than just an angle 
or perspective through which to explore the role of water across various social, economic and environmental goals and 
objectives, it is about the resource itself. And more importantly, it concerns a critical freshwater resource that has remained 
‘under the radar’ for far too long.

As the ninth in a series of annual, thematic reports, the 2022 edition of the WWDR seeks to explore the importance of 
groundwater for sustainable development and shed some light on the policy and management actions that need to be 
taken, not only to ensure the perenniality of the resource, but also to maximize the many opportunities it offers in a rapidly 
changing world of rising water demand and limited, often vulnerable, freshwater resources.

As highlighted throughout the report, groundwater already plays a vital role in supporting food and energy security, 
urban and (especially) rural settlements, and industry. It is an essential component for many healthily functioning 
ecosystems and offers exceptional prospects in terms of climate change adaptation and mitigation. The report also 
describes potential responses to overcome the challenges that currently impede progress in the governance and 
management of groundwater resources, namely in terms of data gathering and dissemination, legal and political 
frameworks, capacity-building, and financing. 

Another unique aspect of this year’s WWDR is the sheer number of authors and contributors, and the richness of on their 
inputs. Never before have we had such a tremendous level of support from such a broad field of recognized experts and 
practitioners from around the world, and we humbly believe that this is reflected in the quality and relevance of the report. 
We certainly made a lot of new friends – and reacquainted with several other ones – along the way! It is our sincerest hope 
that we will continue to foster such collaborative efforts for years to come.

Preface
by Michela Miletto, UNESCO WWAP Coordinator

and Richard Connor, Editor-in-Chief
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Through working closely with of all these contributors, we have endeavoured to produce a balanced, fact-based 
and neutral account of the current state of knowledge, covering the most recent developments, and highlighting the 
challenges and opportunities that a greater attention to groundwater can provide. Although primarily targeted at policy- 
and decision-makers, water resources managers, academics and the broader development community, we hope 
this report will also be well received by non-specialists, and those who are engaged in the alleviation of poverty and 
humanitarian crises, in the pursuit of the human rights to water supply and sanitation, and the advancement of the 
2030 Agenda for Sustainable Development.

This latest edition of the WWDR is the result of a concerted effort between the Chapter Lead Agencies listed in the 
acknowledgements. The Report also benefitted to a great extent from the inputs and contributions of several other 
UN-Water members and partners, as well as from numerous universities, research institutions, scientific associations and 
NGOs who provided a wide range of relevant material.

On behalf of the WWAP Secretariat, we would like to extend our deepest appreciation to the afore-mentioned agencies, 
members and partners of UN-Water, and to the writers and other contributors for collectively producing this unique and 
authoritative report during the second year of the COVID-19 pandemic, with all the additional difficulties the situation has 
imposed on each and all of us. Jac van der Gun deserves specific recognition for having generously shared his knowledge, 
wisdom and guidance throughout the report’s publication process.

We are profoundly grateful to the Italian Government for funding the Programme and to the Regione Umbria for generously 
hosting the WWAP Secretariat in Villa La Colombella in Perugia. Their contributions have been instrumental to the 
production of the WWDR.

Our special thanks go to Ms Audrey Azoulay, Director-General of UNESCO, for her ongoing support to WWAP and the 
production of the WWDR, and to Mr Gilbert F. Houngbo, Chair of UN-Water and President of the International Fund for 
Agricultural Development. 

We extend our most sincere gratitude to all our colleagues at the WWAP Secretariat, whose names are listed in the 
acknowledgements. The report could not have been completed without their professionalism and commitment. 

Last but not least, we dedicate this report to the front-line healthcare providers and essential service workers whose tireless 
efforts allowed us to remain as safe as possible during the ongoing COVID-19 pandemic.

Michela Miletto Richard Connor
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The purpose of this edition of the United Nations World Water Development Report 
(WWDR 2022) is to shine a spotlight on groundwater, calling attention to its specific roles, 
challenges and opportunities in the context of water resources development, management 
and governance across the world.

Groundwater – accounting for approximately 99% of all liquid freshwater on Earth and 
distributed over the entire globe, albeit unequally – has the potential to provide societies 
with tremendous social, economic and environmental benefits, including climate change 
adaptation. Groundwater already provides half of the volume of water withdrawn for domestic 
use by the global population, and around 25% of all water withdrawn for irrigation, serving 
38% of the world’s irrigated land. Yet, despite its enormous importance, this natural resource 
is often poorly understood, and consequently undervalued, mismanaged and even abused. 
In the context of growing water scarcity in many parts of the world, the vast potential of 
groundwater and the need to manage it carefully can no longer be overlooked. 

The multiple services offered by groundwater
The capacity of groundwater systems to offer various services depends on their geographically 
varying properties and is dynamically influenced by ongoing natural and human processes.

These services include: 

•	 provisioning services, which allow groundwater 
to be withdrawn for (human) water use purposes; 

•	 regulatory services, which reflect the buffer capacity of aquifers 
to regulate the groundwater systems’ quantity and quality regimes; 

•	 supporting services on which groundwater-dependent ecosystems (GDEs) 
and other groundwater-related environmental features rely; and 

•	 cultural services linked to leisure activities, tradition, religion or spiritual 
values, which are associated with particular sites rather than with aquifers. 

Groundwater offers a number of additional opportunities, such as expanding geothermal 
energy generation, enhancing storage for improved water security, and adapting to the impacts 
of climate change. 

The challenges
Groundwater storage depletion occurs when discharge exceeds recharge. Although climate 
variability and climate change can play a role, most cases of long-term groundwater storage 
depletion result from intensive abstraction. The rate of global aggregated groundwater 
storage depletion is considerable: for the beginning of the present century, the estimates 
are mostly between 100 and 200 km³/year (accounting for roughly 15 to 25% of total 
groundwater withdrawals).

Groundwater pollution reduces the suitability of abstracted groundwater for drinking purposes 
and also affects groundwater-dependent ecosystems. 

There are many sources of anthropogenic groundwater pollution: most of them are located 
at or near the land surface, but several other sources inject pollutants into the subsurface 
at greater depth below the surface. Agricultural pollution is widespread, it is a diffuse 
source that often includes large quantities of nitrate, pesticides and other agrochemicals. 
Groundwater pollution is a virtually irreversible process: once polluted, aquifer zones tend to 
remain with polluted water.
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Obviously, the differences in the share of each continent in the global volume of 
freshwater renewal (mean value: 37,000 km³/year) are partly caused by variations in the 
size of the continents, but there are also significant differences in the rate of renewal 
per unit of area (water depth in mm per year). Average freshwater renewal depths for 
the comparatively wet continents South America and Europe are four to seven times 
higher than those for Asia, Africa, and Australia & Oceania, continents that each include 
vast arid and semi-arid territories. According to the data presented by Ritchie and Roser 
(2017), the mean annual freshwater renewal averaged over the total global land surface 
(excluding Antarctica) equals a water depth of 274 mm – only 0.35% of the average 
depth of stored freshwater, which implies a mean residence time of almost three 
hundred years. Africa and Asia have the lowest per capita freshwater renewal rates. 

Figure 1
Estimated volumes 
of liquid freshwater 

present on the different 
continents 

Source: Shiklomanov and Rodda 
(2003), based on data from 

Korzun (1974).
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Figure 2   

Estimated freshwater 
renewal on the different 

continents, 2015

Source: Ritchie and Roser (2017), 
based on data from Aquastat. 
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Freshwater withdrawal from streams, lakes, aquifers and human-made reservoirs 
(so-called ‘blue water’ sources) has increased strongly during the last century, and is 
still increasing in most parts of the world. Global freshwater withdrawal was probably 
around 600 km³/year in 1900 and increased to 3,880 km³/year in 2017, according 
to recent estimates (United Nations, 2021; Aquastat, n.d.). The rate of increase was 
especially high (around 3% per year) during the period 1950–1980, partly due to a higher 
population growth rate, and partly to rapidly increasing groundwater development, 
particularly for irrigation. The rate of increase is nowadays approximately 1% per year, in 
tune with the current population growth rate.

As shown in Figure 3, Asia has the largest share in global freshwater withdrawal 
(64.5%). It is followed by North America (15.5%), Europe (7.1%), Africa (6.7%), South 
America (5.4%) and Australia & Oceania (0.7%).

Freshwater 
withdrawal, 

water stress and 
water scarcity

 
Comparison with the renewal estimates (Figure 2) shows that at the global scale the 
freshwater withdrawal rate has reached 10.5% of the mean annual freshwater renewal 
rate. These percentages vary significantly between the continents: high for Asia (41.3%), 
low for South America (1.7%) and Australia & Oceania (2.9%), with in-between values in 
Africa (6.6%), North America (8.8%) and Europe (4.2%).

While the rate of increase in freshwater use has levelled off in most developed 
countries, it continues to grow in the majority of the emerging economies, as well as 
in middle- and lower-income countries. Globally, water use is expected to grow by 
roughly 1% per year over the next 30 years, driven by increasing demand in the industry 
and energy sectors as well as by municipal and domestic uses, mainly as a function 
of industrial development and improving water and sanitation service coverage, in 
combination with population growth, economic development and shifting consumption 
patterns (United Nations, 2021).

Figure 3   Freshwater withdrawal in 2017, aggregated by continent and by water sector use (km³/year) 

Source: Based on data from Aquastat (n.d.).
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Figure 7

World map of known 
occurrences of fresh 

and brackish offshore 
groundwater

Source: Based on Post et al. 
(2013, fig. 1, p. 72).
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Another constraint to groundwater withdrawal is depth below the land surface. If very deep 
boreholes have to be drilled to tap productive aquifers, or if groundwater levels are deep below 
the surface, then for most people and intended purposes the cost of well construction or of 
pumping may become prohibitive for abstracting groundwater. This constraint tends to enlarge 
differences in access between poor and wealthier segments of the local society.

Continent and region Groundwater withdrawal
(km3/year)

% change
since 2010

% of total
freshwater withdrawal

North America 156 0 26

Northern North America 113 -1 24

Central America 37.1 +12 38

Caribbean 6.5 -37 27

South America 27 +6 13

Northern and Eastern South America 7.9 -32 9

Andean countries 4.7 -22 11

Southern South America 14.7 +83 19

Europe 65 -6 23

Northern Europe 4.7 -3 20

Western Europe 15.2 +1 22

Eastern Europe 15.2 -24 18

Southern Europe 29.7 +1 31

Africa 45 +10 20

Northern Africa 26.2 +24 21

Western Africa 8.0 +9 28

Central Africa 2.1 -21 72

Eastern Africa 6.3 -6 13

Southern Africa 2.8 -16 14

Asia 657 -4 26

Northern Asia 3.1 -10 15

Central Asia 2.7 -85 2

Western Asia 63.7 -3 39

South Asia 401 -5 39

East Asia 132 -6 18

Southeast Asia 54.2 +54 11

Australia & Oceania 8 +21 31

Australasia 7.5 +30 29

Micro-, Mela- and Polynesia 0.6? -36? 79?

World 959 -2 25

Table 1   Groundwater withdrawals in 2017, aggregated by the world’s major regions 

Source: Estimates based on Aquastat (n.d.), Eurostat (n.d.), and Margat and Van der Gun (2013).
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Furthermore, near-shore groundwater withdrawal in coastal aquifers may trigger seawater 
intrusion, which will put an end to the local withdrawal of fresh groundwater. Sea level rise 
will similarly reduce groundwater withdrawal from low-lying coastal aquifers. Figure 8 shows 
global hotspots of zones vulnerable to seawater intrusion and to sea level rise. A somewhat 
similar physical condition constraining fresh groundwater withdrawal is the presence of 
saline or brackish groundwater underneath and hydraulically connected with shallow fresh 
groundwater. Fresh groundwater withdrawal in such areas (often also in coastal zones) tends 
to be hampered by upconing saline or brackish water. 

Finally, groundwater-dependent ecosystems and shallow compressible sediment layers 
hydraulically connected to aquifers are additional components of the natural environment 
that may impose constraints on groundwater withdrawal, if ecosystem degradation and land 
subsidence have to be prevented. Global hotspots of land subsidence induced by groundwater 
withdrawal are shown in Figure 9.

Groundwater withdrawal Volumes by water use sector Percentages by water use sector

(km3/year) % of world Agriculture Domestic Industry Agriculture Domestic Industry

North America 156 16 97 48 12 62 30 7

South America 27 3 13 9 5 49 32 20

Europe 65 7 24 29 12 36 45 19

Africa 45 5 29 14 2 65 32 4

Asia 657 68 496 107 53 76 16 8

Australia & Oceania 8 1 4 4 0 48 48 3

World 959 100 664 211 84 69 22 9

Table 2   Breakdown of 2017 groundwater withdrawal by water use sector and by continent 

Source: Estimates based on Aquastat (n.d.), Eurostat (n.d.), and Margat and Van der Gun (2013).

Figure 8

Global hotspots of 
groundwater vulnerability 
to seawater intrusion and 

sea level rise 

Source: Based on Oude Essink et al. 
(2010, fig. 1, p. 2). 
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Source: Based on Guzy and 
Malinowska (2020, fig. 1, p. 4).

Note: United States of America: 1. Santa Clara Valley; 2. San Joaquin Valley; 3. Las Vegas; 4. Eloy Basin; 5. Houston; 
6. New Orleans. Mexico: 7. Celaya; 8. Zamora de Hidalgo; 9. Mexico City. Spain: 10. Lorca. Italy: 11. Ravenna; 12. Venice. 
Greece: 13. Saloniki region. Saudi Arabia: 14. Wadi Al-Yutama. Iran: 15. Tehran; 16. Yazd; 17. Rafsanjan; 18. Zarand; 
19. Kashmar; 20. Mashad. India: 21. Kolkata. Thailand: 22. Bangkok. Vietnam: 23. Hanoi; 24. Ho Chi Minh. China: 25. Xian; 
26. Taiyuan; 27. Beijing; 28. Tianjin; 29. Su-Xi-Chang; 30. Hangzhou-Jiaxing-Huzhou; 31. Shanghai. Japan: 32. Tokyo. 
Taiwan Province of China: 33. Yunlin; 34. Taipei. Philippines: 35. Manila. Indonesia: 36. Medan; 37. Jakarta; 38. Bandung; 
39. Blanakan; 40. Pekalongan; 41. Semarang. Australia: 42. Latrobe Valley. New Zealand: 43. Wairakei.
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The delineation of aquifer boundaries is often difficult, in particular if the aquifer is 
lithologically heterogeneous, large in extent or deeply buried. It requires the involvement of 
competent hydrogeologists capable of properly interpreting the structure, continuity and 
properties of geological formations in the subsurface that usually only have been observed 
in a limited number of locations. 

1.3.2 Other hydraulic units in the subsurface 
Aquifers interact with other hydraulically distinct units in the subsurface, in particular with 
the unsaturated zone and with aquitards (see definition below). Figure 1.1 presents a 
hypothetical vertical cross-section in which aquifers and some other subsurface hydraulic 
units are shown. 

The unsaturated zone stretches from the land surface down to the water table. The interstices 
(pores or fissures) in the matrix of this zone are not entirely filled with water, but contain also 
air. Water in the unsaturated zone has a pressure lower than atmospheric pressure, due to 
matrix suction forces, which influences its hydraulic behaviour. The unsaturated zone plays 
a role in groundwater recharge by transmitting excess rainfall or surface water downward 
from the land surface to the saturated zone. In areas with shallow water tables, it facilitates 
the upward flow needed for groundwater to be discharged directly to the atmosphere by 
evaporation or evapotranspiration. 

Aquitards are subsurface formations containing significant quantities of groundwater but 
incapable to transmit significant quantities to wells. Their permeability is low compared to that 
of aquifers, but on a regional scale they may yield substantial quantities of water to adjoining 
aquifers or transmit water between the aquifers it separates. Hydraulically, aquitards function 
as confining or semi-confining layers. 

The remaining lithological units in the subsurface are hydraulically inactive and form barriers 
to groundwater flow, either because of very low permeability, or because interconnected 
interstices are lacking. Somewhat outdated terms for these confining units are aquicludes and 
aquifuges, respectively. 

Recharge area
Potentiometric 

surface

Water table

Ground 
surface

Confining unit

Confined aquifer

Unconfined aquifer

Flowing 
artesian well

Perched water 
table well

Water 
table well

Artesian 
well

Perched aquifer 
water table

Figure 1.1

Vertical cross-section 
showing aquifers, 

confining units and the 
unsaturated zone 

Source: Based on Harlan et al. 
(1989, p. 9).
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•	 Finally, groundwater provides also cultural services; those linked to leisure activities, 
tradition, religion or spiritual values are associated with particular sites rather than with 
an aquifer. Indeed, groundwater has played an important role in cultures and religions 
across the world, from the caves and springs venerated by the Mayan peoples of Mexico 
to the dragon wells and sacred springs of China (Ray, 2020). 

Provisioning services are potentially conflicting with the supporting services: the 
latter tend to become stressed under intensive groundwater withdrawal. Groundwater 
governance and management have to pursue an optimal balance between conflicting or 
competing services.   

Groundwater is basically a local resource, predominantly viewed by practitioners in a local 
context. Nevertheless, it is interconnected with its surroundings at different spatial scales, 
which implies that different perspectives are required to oversee and address the full range 
of relevant issues: not only the local perspective counts, but also aquifer-wide, national, 
transboundary, regional and global perspectives. Some important global interconnections 
regarding groundwater are briefly reviewed below. 

1.6.1 Groundwater in the global water cycle, interacting with climate and other global 
systems
With its specific characteristics, especially its buffering capacity, groundwater puts its distinct 
mark on the global water cycle. However, the global water cycle and its water budget are 
not in a dynamic equilibrium: they are being modified by climate change and by increasingly 
significant human interferences, such as groundwater withdrawal and land use practices. In 
principle, the interaction is bi-directional, which implies that a modified water cycle will also 
produce feedback to the global climate. The last few decades have witnessed considerable 
progress in assessing and understanding these global-scale modifications and their 
repercussions. A new discipline has emerged: Global Hydrology. It uses hydrological models at 
a global scale, exploring large-scale hydrological patterns and processes, coupled with climate, 
land use or water use models, in order to obtain a better understanding of the Earth system. 
Coupling with other domains – food security, economics, energy and biodiversity – lies ahead 
(Bierkens, 2015). 
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Figure 1.3   The multiple services offered by groundwater systems 

Source: Based on Van der Gun (2019, fig. 5). 
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The capacity of groundwater systems to offer various services (as shown in Figure 1.2) 
depends on their geographically varying properties (See Prologue) and is dynamically 
influenced by ongoing natural and human processes. The latter lead to numerous 
groundwater-related challenges in all parts of the world, in particular in densely populated 
areas. The main types of these challenges are briefly described below. More details and 
potential responses are presented in several other chapters of this report, either in a 
thematic (Chapters 3–7), a regional (Chapter 8) or a governance/management context 
(Chapters 10 and 11). Addressing the challenges requires a good understanding of 
the underlying causal chain – from root causes (such as population growth, economic 
development and climate change) via stresses (e.g. groundwater withdrawal, influx of 
pollutants) to changes in groundwater state (groundwater quantity, water levels/pressures, 
water quality) and their impacts on humans, ecosystems and the environment.

1.8.1 Long-term groundwater storage depletion
Groundwater storage depletion, accompanied by declining groundwater levels, occurs 
when groundwater discharge (i.e. the sum of groundwater withdrawal and ‘unforced’ or 
natural discharge) exceeds groundwater recharge. Although climate variability and climate 
change can also play a role (by influencing groundwater recharge and water demands), 
most cases of long-term groundwater storage depletion result from intensive groundwater 
abstraction. Long-term groundwater depletion is observed in countless aquifers, 
predominantly located in semi-arid and arid zones, where it often forms a major threat 
to sustainable groundwater use for irrigation. The rate of global aggregated groundwater 
storage depletion is considerable: for the beginning of the present century, the estimates 
are mostly between 100 and 200 km³/year (Bierkens and Wada, 2019). 

1.8 
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(2021, fig. 2 and 3, p. 8).
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Groundwater governance takes place at multiple scales and geographic levels, including at 
regional (such as the European Union) and transboundary scales. In contrast, groundwater 
management occurs more often at the micro- and meso-level. A variety of social/institutional, 
organizational, financial, and technical arrangements, as well as commonly accepted rules, 
practices and norms, shape access to groundwater. It is on the micro- and meso-level that 
attention should be focused to address the needs of the poor (Cleaver et al., 2005).
 
There is a diversity of stakeholders/actors in groundwater-related institutions, representing 
the public and private sectors, (regional) water authorities or committees, utilities, river basin 
organizations, communities, informal groups, and society at large. Part of the role of these 
institutions is to implement policy and law, to translate decisions into actions and ensure that 
regulations, governance procedures and mandated enforcement are carried out (Smith et al., 
2016) on the basis of acquired information and knowledge about the groundwater systems. 
Government agencies commonly have the mandate for multilevel groundwater governance 
and management activities, but in practice their role may vary considerably from a top–down 
regulatory approach to a permissive, ‘laissez-faire’ position (Kemper, 2007). The assigned or 
allowed roles (or focus) of stakeholders can also be very different. For instance, local norms and 
institutions may influence divisions of labour and functions, which in turn shape the sourcing and 
allocation of water. Further, community organisations can be faction-ridden, gender-segregated 
and exclusionary (Cleaver et al., 2005). Where groundwater users operate as individuals or 
communities (including self-supply in urban areas, as well as farmer-led irrigation schemes), 
there may be few, if any, formal institutions through which governance can extend.

Performance of public agencies varies in practice from virtually inactive to proactive and 
effective, depending on the enabling framework (including regulations); the level of awareness 
of the importance of groundwater and of political commitment; budgetary allocation and, 
consequently, management capacity; leadership; and/or mandates. An additional factor is 
commercial and political pressures to over-exploit groundwater, alongside the overall political 
situation and the position of the government in the eyes of the local population (including 
mutual trust or the lack thereof).

A national government unit can ensure both vertical integration between the national and local 
level, and horizontal cooperation across different levels and at the interface with other sectors. 
At the river basin or aquifer system level, stakeholder organizations can play important roles 
in coordinating groundwater planning and management. Because groundwater is perceived 
(often incorrectly) as a local resource, decentralized organizations (including municipalities) 
have a critical role. However, an aquifer can extend beneath more than one river basin, which 
complicates river basin and aquifer governance and integrated water resources management. 
Governments should endeavour to seek the systematic engagement of stakeholders with the 
objective to create permanent mechanisms for stakeholder involvement. This can be in the 
form of water users associations and other fora (Groundwater Governance Project, 2016c).

According to the Groundwater Governance Project (2016c), the vision for a ‘Global Framework 
for Action’ involves effective institutions with the capacity to look ahead and plan, to be 
inclusive and legitimate in the eyes of the stakeholders, and to come to credible and verifiable 
commitments, with the following components: 

•	 sound organizational design with adequate capacity for policy-making and public 
administration of resource use and pollution protection; 

•	 mechanisms for permanent stakeholder engagement and participation to foster socially 
responsible attitudes and actions on groundwater as a common-pool resource; 

•	 procedures for cross-sector coordination and co-management to allow groundwater issues 
to be adequately addressed in the policies and practices of linked sectors; and 

•	 institutions for the management of groundwater resources that traverse intranational and 
international boundaries (where relevant). 

2.3
Institutional 

aspects
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Institutions, by themselves, are not enough to properly govern intra- and international 
groundwater/aquifers. They need to be accompanied by national (and sometimes 
subnational) policies (see Chapter 10) and laws to guide these institutions in their work. 

River basin organizations seldom contemplate groundwater, partly due to a lack of 
knowledge and capacity in aquifer assessment and partly because of a historical 
institutional separation of surface water and groundwater. As a result, river basin 
planning becomes incomplete. In several parts of the world, though, cooperation has 
started and this suggests some emerging best practice, modelled on approaches used in 
transboundary river basin management (Groundwater Governance Project, 2016c). 
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In regions where a perennial and reliable source of shallow groundwater exists, including in 
previously rainfed areas, groundwater has been and continues to be an important source for 
smallholder farmers (Villholth, 2013a; Shah, 2009; Giordano, 2006). It represents a relatively 
accessible, local, on-demand and perennial source of water for agricultural practices, which 
translates into reduced poverty, better food security, and improved livelihoods. Evidence from 
Asia two decades ago indicates that the proliferation of groundwater access promoted greater 
interpersonal, interclass, gender and interregional equity in access to irrigation when compared 
to large canal irrigation projects (Shah et al., 2007; Deb Roy and Shah, 2003; Van Koppen 
et al., 2002). Studies in Africa, Asia and Latin America show that when poor farmers attempt 
to improve their livelihoods through smallholder agriculture or livestock farming, groundwater 
and small pumps are commonly involved, which benefit women in particular (Villholth, 2013a; 
Shah et al., 2007; Van Koppen, 1998).

3.2.2 Regional comparison of groundwater-sourced irrigation
The area of land equipped for irrigation (including full control, equipped wetlands and 
spate irrigation) globally has more than doubled since the 1960s, from 139.0 Mha in 1961 
to 325.1 Mha in 2013 (Table 3.1). Regional variation in the extent of the irrigated area is 
pronounced. Asia accounts for 72% of the global area equipped for irrigation, predominantly 
in South and East Asia, and 41% of its cultivated area is irrigated. Sub-Saharan Africa has the 
least irrigation development: the irrigated area accounts for 3.4% of the regional cultivated 

Continent and region Total area equipped for irrigation from 
surface or groundwater (Mha) 

(Faostat 1961–1996; Aquastat 1997–2013)

Irrigated area as % 
of total cultivated 

area (Faostat)

Groundwater irrigation (2013) 
(Aquastat)

Year 1961 2013 1961 2013 Area equipped 
(Mha)

% total 
irrigated area

Africa 7.4 15.6 4.4 5.8 3 19.2

Northern Africa 3.9 7.4 17.1 25.6 2.5 34.6

Sub-Saharan Africa 3.5 8.2 2.4 3.4 0.4 5.4

Americas 22.7 52 6.7 13.1 23.7 45.5

Central America and the Caribbean 17.4 1.7 6.7 13 0.6 33.8

North America 0.6 34.3 5.5 14.9 20.1 58.7

South America 4.7 16 6.8 10.5 3 18.5

Asia 95.6 232.6 19.6 40.9 89.7 38.7

Central Asia 9.6 13.2 16.2 28.5 1.1 8

East Asia 7.2 73.9 13.4 56 21.3 28.9

South Asia 36.3 98.0 19.1 45.7 55.5 56.6

Southeast Asia 34.5 22.8 29.7 20.7 0.6 4.6

Western Asia 8 24.7 11.7 40.6 11.2 45.2

Europe 12.3 21.4 3.6 7.3 7.1 14

Eastern Europe and Russian Federation 8.7 4.8 5.8 3.6 0.25 10.1

Western and Central Europe 3.6 16.6 1.9 13.5 6.8 40.7

Oceania 1.1 3.2 3.2 6.8 0.8 24.9

Australia and New Zealand 1.1 3.2 3.2 6.9 0.8 24.9

Pacific Islands 0.001 0.004 0.2 0.6 0.0004 10

World 139.1 324.8 10.2 20.6 124.7 38.4

Table 3.1   Irrigated areas per region and globally, including groundwater share

Source: Data from Aquastat (n.d.) and Faostat (n.d.). 



The United Nations World Water Development Report 2022    Groundwater: Making the invisible visible50

area, while in West Asia it accounts for 41%. Regions heavily reliant on groundwater for 
irrigation include North America and South Asia, where 59% and 57% of the equipped area 
use groundwater, respectively, while in Northern Africa it is 35% and in Sub-Saharan Africa 
only 5% (see Section 8.1.3). 

3.2.3 Country comparison of groundwater-sourced irrigation
Countries with the largest area under irrigation include China (73 Mha), India (70 Mha), the 
USA (27 Mha) and Pakistan (20 Mha) (Aquastat, n.d.). The proportion of total groundwater 
abstraction used for irrigation varies significantly in these countries. India, as the largest 
groundwater user globally, at an estimated 251 km³ per year abstracted, uses 89% of its 
groundwater abstraction for irrigation. China is relatively less reliant on groundwater, with 
an estimated 54% of total groundwater abstraction going into irrigation on average, but with 
significant geographic disparities, with the North China Plain (see Section 8.4.4) being more 
critically reliant on groundwater compared to the southern regions (Liu et al., 2010). Other 
countries, such as Bangladesh, Iran, Mexico, Pakistan, Saudi Arabia and the USA, are also 
heavily reliant on groundwater for irrigation, with amounts of groundwater abstraction for 
irrigation ranging from 71 to 94% (Margat and Van der Gun, 2013) (Figure 3.1). 

3.2.4 The extent of conjunctive water use
Conjunctive use8 of groundwater and surface water in agriculture is significant. It typically 
supports intensification within existing surface water irrigation areas, like in South Asia, where 
it enables perennial cropping and salinity control (Shah, 2009). The evolution of conjunctive 
use is typically not managed or planned, but rather a coping mechanism for farmers when 
established surface water systems fail to secure perennial freshwater access. There is little 

8	 Conjunctive water use refers to combined use of surface and groundwater to meet crop water demand (Shah et al., 
2006).

Figure 3.1   Estimated total groundwater withdrawal and the percentage for irrigation for selected countries in 2010 

Source: Based on data from Margat and Van der Gun (2013).
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consistent reporting of conjunctive use (Siebert et al., 2010), but census data in the USA 
(Dieter et al., 2018), China and India (Evans and Dillon, 2018; Ministry of Water Resources of 
India, 2017) indicate continued expansion. 

3.2.5 Economic contribution of groundwater to agriculture
The economic contribution of groundwater in agriculture has been estimated at about 
US$210–230 billion per year globally, with gross productivity of US$0.23–0.26 per m³ 
abstracted (Shah et al., 2007). Water productivity, in terms of crop yield per unit of water 
applied, is generally higher, up to a factor two, for groundwater than for surface water. This is 
primarily due to groundwater being available on demand, its proximity to fields, and the fact 
that it is normally self-managed. This allows farmers to invest more heavily in other crop 
inputs, like fertilizers, pesticides and seeds, making their farming activities more attractive, 
more lucrative and less risky (Bierkens et al., 2019; Smilovic et al., 2015; Shah, 2007). 
However, the overall economic contribution and water productivity may appear low in 
comparison with other water-using sectors due to a combination of relatively high water 
consumption per unit of production and low agricultural commodity prices. In the context of 
economic growth and increased urbanization, this often results in agriculture having to give 
up water for urban and industrial uses, due to their generally higher value added per unit of 
water use (Molle and Berkoff, 2009). 

3.2.6 Groundwater for livestock
The volumes of groundwater used for livestock9 drinking water are small in comparison 
to the volumes used to irrigate fodder crops for livestock (Shah et al., 2007). The irrigated 
production of fodder accounts for 98% of water (surface and groundwater) used for 
livestock, with the remaining 2% of water being used for drinking and cooling (Mekonnen 
and Hoekstra, 2012). Globally, an estimated 264 km³ of surface and groundwater per year 
is used for fodder production, equating to about a fifth of total agricultural water consumed 
and less than a third of water used for food crops (Heinke et al., 2020). 

Rangeland under human-managed permanent meadows and pasture, mostly rainfed, 
covers almost 33 million km² of the Earth’s surface, an estimated 70% of all agricultural 
land (Faostat, n.d.). The total number of livestock more than tripled, from 7.3 billion units 
in 1970 to 24.2 billion units in 2011 (FAO, 2018a). Intensification of livestock production is 
associated with a concentration of feed and water demand, especially in industrial farming, 
often associated with intensified pressure on land and in-situ water resources, for example 
in irrigated fodder cultivation under zero-grazing systems (IPES-Food, 2018). 

Many arid and semi-arid rangelands depend entirely on access to groundwater to sustain 
drinking water for cattle. Groundwater well structures encourage stocking ratios higher 
than the rangeland carrying capacity in terms of natural vegetation for grazing, and also 
concentrate livestock around boreholes. The environmental sustainability of rangelands can 
be severely disrupted by the introduction of boreholes with power-driven pumps (Shah et al., 
2007). In Somalia and northern Kenya, boreholes have enhanced water security, while also 
encouraging overstocking, resulting in disputes over water and pasture rights as well as the 
exclusion of vulnerable communities (Gomes, 2006). 

Pastoralism plays a crucial role in supporting livelihoods across large parts of Sub-Saharan 
Africa (Giordano, 2006). While groundwater abstraction may be less intensive in livestock 
rangelands, land degradation due to livestock may have significant impacts on the recharge 
of groundwater and the quality of the same (Meglioli et al., 2013). 

9	 Livestock is used in a broad sense to cover all domestic animals regardless of age, location or purpose of breeding. 
Non-domesticated animals are excluded under this definition unless they are kept or raised in captivity. Livestock 
included are large and small quadrupeds, poultry, insects (bees) and larvae of insects (silkworms) (FAO, 2018a).
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3.3.1 Groundwater depletion attributed to irrigation
Depletion of groundwater is often attributed to agricultural withdrawals. Depletion leads to 
a multitude of externalities, including drying up of groundwater-dependent wetlands and 
watercourses via reduced baseflows (see Chapter 6) and compaction of compressible earth 
layers, with ensuing land subsidence, downward migration of low-quality groundwater, and 
saline intrusion into aquifers and surface water systems along coastal plains. 

Terrestrial observations and satellite data have demonstrated, or made plausible, that 
numerous aquifers are being exploited at rates that are inducing rapid depletion and 
associated social and environmental externalities. This includes several of the world’s 
37 major aquifer systems (Konikow, 2011; Gleeson et al., 2012; Scanlon et al., 2012a; Richey 
et al., 2015; Gong et al., 2018; Shamsudduha and Taylor, 2020) (Figure 3.2). High abstraction 
rates for irrigated agriculture are concentrated in arid and semi-arid regions, where population 
growth and expansion of irrigated areas have led to rapid growth in water demand. 

3.3 
Impacts of 

agriculture on 
groundwater 

quantity

Groundwater exploitation has been driven by supply-push factors, such as its capacity to 
provide flexible, on-demand irrigation to support wealth-creating agriculture (Shah et al., 2007; 
Gleeson et al., 2012) and the easy availability of inexpensive pumps, drilling technologies and 
energy, often underpinned by government support and subsidy programmes. Demand-pull 
factors have also contributed, arising from the need to provide more food to increasing urban 
and rural populations. 

The most notable depletion due to agricultural withdrawals occurs in continental aquifers 
associated with plains and coastal margins. Localized depletion in minor alluvial, coastal, 
deltaic and island aquifers (which are not shown in Figure 3.2) can also be partially attributed 
to agricultural withdrawals, leading to groundwater scarcity and pollution as well as saline 
intrusion, which threaten the potable water supply and limit agricultural production (Margat 
and Van der Gun, 2013). 

Aquifers that are decoupled from contemporary recharge, notably those located in arid 
groundwater-dependent areas, present special and particularly alarming cases of groundwater 
depletion, as stored groundwater is permanently removed while the aquifer receives no or 
insignificant natural replenishment under the current climate (Bierkens and Wada, 2019) (Box 3.1).

Figure 3.2   Groundwater table decline in a selection of the world’s major aquifers

Source: WRI (2019). Attribution 4.0 International (CC BY 4.0).

Note: Groundwater table decline indicates the average yearly decline of the groundwater table over the study period (1990–2014). 
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It is increasingly recognized that the virtual water embedded in crop products and their global 
redistribution via international trade is critical for understanding and managing sustainable 
water abstraction levels globally (Chapter 1). It is estimated that about 11% (or 25 km³/year) 
of global groundwater depletion is embedded in international crop trade (Dalin et al., 2017), 
supporting food security and economic growth, but also significantly contributing to large-
scale depletion of aquifers overlaid by productive land. Wheat, maize, rice, sugarcane, cotton 
and fodder are the principal crops contributing to groundwater depletion. These crops are also 
heavily traded, indicating highly unsustainable water footprints10 (of which groundwater is a 
large share) from intensive export of crops for food, fodder and fibre consumption by humans 
and livestock (Mekonnen and Gerbens-Leenes, 2020). Five countries account for about 70% 
of the unsustainable water footprint: China, India, Iran, Pakistan and the USA. Of the total 
unsustainable water footprint, 90% was for food and fodder crops, while 10% was for fibre 
crops, rubber and tobacco (Mekonnen and Gerbens-Leenes, 2020). 

Shallow groundwater tables can present both opportunities and constraints for cultivation. 
On the one hand, shallow water tables can be problematic to agriculture due to the risk of 
waterlogging resulting from rainfall or irrigation in areas with inadequate natural or artificial 
drainage. This can lead to progressive soil salinization, notably in dry regions. On the other 
hand, shallow controlled water tables can be favourable to agriculture as they ensure 
continuous water availability for optimizing crop yields, even during extended dry periods. 
Smallholder farmers throughout Africa and Asia are reliant on seasonal and perennial shallow 
groundwater for cultivation (Pavelic et al., 2013; Pavelic et al., 2012; Shah, 2009). 

While most inhabited arid and semi-arid areas of the world, including areas that used to have 
a good water endowment (Box 3.2), are experiencing groundwater depletion today, evidence 
shows that other regions, for instance Northern Europe, under current climate scenarios are 
facing net groundwater accumulation, seasonally or over several years, through longer periods 
of sustained higher-than-normal rainfall, potentially leading to waterlogging and flooding. This 
can cause significant challenges for agriculture and calls for proactive shallow groundwater 
management, like in the United Kingdom (Macdonald et al., 2008). The Netherlands is naturally 
prone to flooding and is constantly managing groundwater levels through artificial drainage 
and pumping (Zeeberg, 2009). In large parts of the Netherlands, shallow water tables have for 
centuries been artificially controlled, keeping groundwater tables close to crop/vegetation-
optimal levels. Similarly, other low-lying countries like Denmark are reliant on widespread 
artificial sub-surface tile drainage in regions with clayey soil, which controls groundwater levels 
and keeps the soil and cropping conditions workable whilst protecting infrastructure, including 
roads (Kidmose et al., 2013). 

3.5.1 Agricultural groundwater pollution
It is estimated that agricultural pollution has overtaken contamination from settlements and 
industries as the major factor in the degradation of inland and coastal waters (FAO, 2018a). 
The principal pollutants from agriculture are nutrients, pesticides, salts, sediments, organic 
carbon, pathogens, metals and drug residues. Nitrate, from chemical and organic fertilizers, 
is the most prevalent anthropogenic contaminant in groundwater globally (FAO, 2018a), 
notably leading to eutrophication of surface waters (Smolders et al., 2010). In the European 
Union, 38% of water bodies are under significant pressure from agricultural pollution (WWAP, 
2015); in the USA, agriculture is the principal source of pollution of rivers; and in China, 
agriculture is responsible for a large proportion of surface and groundwater pollution by 
nitrogen (FAO, 2013).

10	 The water footprint is considered ‘unsustainable’ if it is above the available renewable blue water and violates the 
environmental flow requirements (Mekonnen and Gerbens-Leenes, 2020).

3.4 
Agricultural lands 

with shallow 
groundwater tables

3.5 
Impacts of 

agriculture on 
groundwater quality







Groundwater
and agriculture  | 57

to the level of hazard, or conversely subsidies on environmentally friendly technologies. Well-
known approaches for reducing pollution, such as ‘the polluter pays principles’ are possible, 
through green taxes on pesticides and fertilizers, for example, but they are not often applied, 
are priced too low to act as deterrents, or have unintended distributional impacts, as poor 
farmers will be hit harder by such taxes (OECD, 2011; 2017a).

A combination of pollution control measures, including regulation, economic incentives, as 
well as information, awareness campaigns and data dissemination, is considered to work 
more effectively than regulations alone (OECD, 2008). Policies addressing water pollution in 
agriculture should be part of an overarching agriculture and water policy framework at the 
national, river basin and aquifer scale. Policies to promote information and awareness to 
change farmer behaviour and incentivize the adoption of Best Management Practices (FAO, 
2018a) for agriculture are important to preventing pollution at the source (Liu et al., 2018). 
For instance, benchmarking can promote behavioural change among farmers by showing them 
how they perform in comparison to other farmers, in terms of the application of fertilizers 
and pesticides. Promoting Corporate Social Responsibility within the private sector is also 
advocated (FAO, 2018a).

Groundwater abstraction and energy use are closely interrelated. Rural electrification has been 
a principal driver for groundwater development in India (Shah, 2009; Smith and Urpelainen, 
2016). Concentration of groundwater development is notable when rural power grids are 
extended into areas that would otherwise rely on diesel generation or wind energy, such as 
evidenced in Ethiopia, Kenya and South Africa (Villholth, 2013a). Conversely, power utilities can 
face significant losses in revenue when declining groundwater levels and rising irrigation costs 
lead to diminishing pumping, as evidenced in the central USA (Rhodes and Wheeler, 1996).

Advances in solar technology have witnessed the development of Solar-Powered Irrigation 
Systems (SPIS), adopted at scale to service farming operations. These range from large-scale 
commercial operations, e.g. in Australia, to small-scale farmers in areas with relatively shallow 
groundwater, notably in remote locations producing high-value crops, such as in Afghanistan 
(FAO, 2018b). The proliferation of SPIS, either as grid-connected or off-grid solutions, can be 
attributed to the declining cost of solar panels over the last decade, in addition to government 
subsidy programmes, which have made such technology a viable option, particularly for small-
scale farmers (FAO, 2018b). SPIS provide reliable, affordable and climate-smart energy for 
irrigation (Box 3.3). However, there is a risk of unsustainable water use if SPIS implementation 
is not adequately managed and regulated (FAO, 2018b). Once the systems are installed, there 
is no cost per unit of power and thus no financial incentive for farmers to save electricity for 
groundwater pumping. SPIS can therefore lead to over-abstraction of groundwater, and low 
field application efficiency. In some cases, farmers sell water to their neighbours at a profit, 
increasing overall groundwater withdrawals (FAO, 2018b; Closas and Rap, 2017). The linkage 
between energy subsidies and groundwater pumping for irrigation are well established, for 
instance with evidence from India (Scott and Sharma, 2010) (Box 3.4), Iran (Jamali Jaghdani 
and Kvartiuk, 2021) and Mexico (Scott, 2013).

3.6 
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Box 3.4   Groundwater and energy in India

India is the world’s largest user of groundwater. It has an annual draft of around 251 km³, 89% of which is used 
for irrigation (Margat and Van der Gun, 2013 – Figure 3.1), withdrawn through an estimated 20 million wells and 
tubewells. An estimated 60% of the irrigated area in India is served by groundwater (Shah, 2009). Groundwater-
led irrigation was instrumental in the success of the Green Revolution in India from the 1960s. However, it 
has become apparent that gains in irrigated agricultural production have progressively led to a significant 
decline in groundwater levels in parts of the country, particularly in northwestern and peninsular southern India 
(Shah, 2009). Currently, India’s water crisis can be largely traced to the expansion of groundwater irrigation, a 
trajectory set on course by India’s food and electricity policy since the late 1970s. The food policy guaranteeing 
cheap food to consumers dictates the need to keep input prices low, including the level of electricity tariffs for 
pumping groundwater. Reduced electricity tariffs or free electricity to agriculture, as exist in many Indian states, 
coupled with assured state or government procurement of crops, encourage farmers to grow water-intensive 
crops, such as sugarcane, including in semi-arid regions with low natural recharge. This is responsible for 
unprecedented groundwater depletion in large parts of India (Mukherji, 2020).

Groundwater overwithdrawal in India can be traced to a lack of coherence between water, energy and food 
policies. Hence, solutions to India’s groundwater problems should be positioned within a broader water–energy–
food nexus context (Shah et al., 2012). Indirect management of groundwater through electricity policies have 
been attempted in many states in India. This has ranged from metering agricultural electricity connections and 
charging farmers near-commercial rates for irrigation (e.g. in the state of West Bengal – Mukherji et al., 2009); 
to rationing electricity to farmers to a limited number of hours in a day, made possible by bifurcation of electric 
feeders into agricultural and domestic feeders (e.g. in the states of Gujarat, Karnataka and Punjab – Shah et al., 
2008; Mukherji, 2017). Both these measures, the pricing and the rationing of electricity, are meant to reduce 
demand for groundwater by giving price and scarcity signals, respectively (Sidhu et al., 2020). More recently, 
concerns about high carbon emissions from India’s groundwater pumping and about the mounting subsidy 
burden on the electricity utilities, have led to pilots of Solar-Powered Irrigation Systems (SPIS). Grid-connected 
SPIS are being promoted to incentivize farmers to pump less groundwater while selling electricity back to the 
grid rather than using it for pumping groundwater (Shah et al., 2018), but evidence of whether grid-connected 
SPIS actually reduce groundwater pumping is still not available. Estimates of greenhouse gas emissions from 
groundwater pumping relative to the total national emissions from energy use range from 0.5% in China (Wang 
et al., 2012) and 3.6 % in Mexico (Scott, 2013) to 8–11% in India (Rajan et al., 2020). Compounding the situation, 
methane embedded in deep anoxic groundwater, released as groundwater is pumped to the surface, may also 
add to this budget (Kulongoski and McMahon, 2019).

Box 3.3   Energy and irrigation in Sub-Saharan Africa

Sub-Saharan Africa is characterized by poor energy infrastructure and low levels of electricity access, which 
correlate with low levels of agricultural development, including development of groundwater. In stark contrast, 
the continent has among the highest levels globally of solar energy availability (IEA, 2019a). Agriculture 
is largely rainfed, but as a result of population growth and climate change, there is a clear need to expand 
food production to ensure food security and build resilience. Groundwater resources across the region are 
generally underutilized, so that there is a high potential to sustainably expand small-scale irrigated agriculture 
if affordability and other constraints can be overcome (Altchenko and Villholth, 2015). The cost of small-
scale SPIS have reduced significantly in recent years and are beginning to enter the market, particularly in 
East Africa where distributors and supply chains are better developed (Efficiency for Access, 2019). Diesel-
driven pumps are cheaper to purchase but costlier to run than solar energy devices, and they generate high 
greenhouse gas emissions. It is anticipated that the mix of energy supply for small pumps across the region 
will depend on factors such as farmers’ crop choice and the future price of diesel and appropriate solar 
technologies (Xie et al., 2021). With growing demand, better governance and co-management of groundwater 
and energy will be required to ensure sustainable resource use. 
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pollution by nitrates, solvents and pesticides can be kept to a minimum, the total energy 
requirement for the operation and distribution of groundwater sources is much lower than 
for surface water sources (except where the latter are gravity-fed). 

Where electrification is widespread, the most common energy source for groundwater 
pumping remains electricity, but in Sub-Saharan Africa and some other regions, there is still 
heavy reliance on diesel-engine pumps or handpumps. Recent years have seen the greatly 
increased use of solar panels as a source of energy for groundwater pumps, and this is 
likely to continue in the future. 

The cost of energy provision for urban groundwater supply is normally recovered by the 
water tariffs, commonly with a subsidy for social-minimum volumes recuperated through 
higher charging for larger volumes (see WWAP, 2019, Chapter 5). 

Several key stakeholders play a role in groundwater abstraction for the water supply of 
human settlements. These range from the national agencies responsible for groundwater 
resources and water supply, to the corresponding local municipalities and even individual 
waterwell owners.

The national agencies have the responsibility for ensuring: 

•	 the basic regulation of groundwater abstraction; 

•	 adequate coordination on groundwater between national actors, basin agencies, local 
groundwater user organizations, and aid/relief organizations, as appropriate; 

•	 effective mechanisms for groundwater monitoring and regulation enforcement; 

•	 horizontal coordination with other departments on groundwater; and 

•	 support for operational arrangements in transboundary aquifers. 

Local municipal agencies will need to: 

•	 ensure that the local water permit system is functioning; 

•	 stress the need for attention to the operation and maintenance of waterwells; 

•	 coordinate solid-waste and wastewater management to protect groundwater; 

•	 consult and support local groups that work on sanitation and waste management; 

•	 communicate the need to prevent groundwater pollution to farmers; and 

•	 encourage education/vocational training institutes (including youth groups) to include 
water supply and groundwater management in their curricula.

1.	 Groundwater clearly plays a major role in urban water supply, as well as a critical role 
in water supplies to rural villages and settlements of displaced people worldwide, but 
certain factors tend to make this role difficult to quantify precisely. The reasons include 
the current failure to clearly differentiate types of water supply sources in national and 
international databases, and the fact that private waterwell abstraction often remains 
irregular or illegal and falls outside the radar of public databases. 

2.	 There is a pressing need for systematic urban groundwater studies to become 
a routine element of urban planning at a detailed scale, to mitigate unnecessary 
conflicts between public and private groundwater use, to ensure sound solutions to 
the water supply of displaced person settlements, and to avoid unforeseen and costly 
environmental and social problems related to groundwater supply. 
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The industry and energy sectors are usually well aware of what surrounds them at ground 
level and above. Such things as rivers, lakes and climate variability are perceptible, as are the 
risks they may present to the viability of companies. Yet the groundwater that lies underneath 
is often – literally – overlooked. This oversight is surprising as these sectors often rely on 
self-supply that in many locations has a groundwater component. Groundwater is available to 
provide a very useful and often underused resource for industry, but it has to be sustainably 
managed in concert with other stakeholders. It is a key resource for many industries, and 
contributes in this way to employment and economic growth.

Industries that withdraw groundwater include manufacturing, mining, oil and gas, energy 
generation, engineering, and construction. Industries with a high groundwater dependency via 
supply chains include the apparel and food and beverage sectors. Their combined withdrawals 
can lead to stronger competition/interactions between the different industries, as well as 
with other sectors, communities and the natural environment, with sometimes unforeseen 
consequences, such as extreme lowering of groundwater tables, pollution of groundwater and 
land subsidence (UNEP, 2019).

5.2.1 Quantity
Statistics relating to water abstraction and use in industry are notably scarce. Industry and 
energy account for 19% of global freshwater withdrawals (Aquastat, n.d.). This number refers 
to self-supplied water (which includes groundwater). The data also point to big geographic 
differences, with industrial withdrawal varying from 5% in Africa to 57% in Europe. However, 
Aquastat data are not parsed out into industrial groundwater withdrawals. Such data can 
only be found for some higher-income, industrialized countries. The United States Geological 
Survey (Dieter et al., 2018) shows that for self-supplied industrial use in the USA the total 
amount of water withdrawn has decreased significantly from 1985 to 2015 (Figure 5.1), while 
surface water is still the main source. According to another estimate, groundwater contributes 
27% of the water withdrawn globally for manufacturing (Döll et al., 2012).13

The 15 countries with the largest estimated annual groundwater extractions in 2010 are shown 
in Table 5.1, clearly evidencing the wide range in groundwater extraction for industry, which 
varies from country to country from 1 to 48%.

13	 According to 2020 CDP unpublished data, globally across all sectors, 39% companies reported having lowered their 
groundwater withdrawal compared to the previous year (2019), 30% reported it was about the same, and 24% reported 
having increased their withdrawals. This includes groundwater withdrawals from non-renewable and renewable 
sources for their direct operations (CDP, unpublished).
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More recent data from 2015 (Table 5.2) show many of the same countries and their changes 
in absolute water withdrawal, with China and Indonesia more than overcoming any savings by 
other nations. 

Table  5.2
The nine countries 

with the largest annual 
industrial water 

withdrawal (km³/year)

Source: Ritchie and Roser (2017), 
based on Aquastat.

Source: Margat and Van der Gun (2013). 

Country 2015 Absolute change from 1965

USA 248.4 -55.5

China 133.5 +87.8

Russia 39.6 -7.9

Canada 33.1 -2.9

Germany 32.6 -5.2

Indonesia 24.7 +24.3

France 21.6 -2.9

India 17.0 +1.8

Italy 16.3 +7.3

Country Population 2010
(in thousands)

Groundwater extraction

Estimated 
groundwater 

extraction 2010
(km³/year)

Breakdown by sector

Groundwater 
extraction for 
irrigation (%)

Groundwater 
extraction for 

domestic use (%)

Groundwater 
extraction for 
industry (%)

India 1 224 614 251.0 89 9 2

China 1 341 335 112.0 54 20 26

USA 310 384 111.7 71 23 6

Pakistan 173 593 64.8 94 6 0

Iran 73 974 63.4 87 11 2

Bangladesh 148 692 30.2 86 13 1

Mexico 113 423 29.5 72 22 6

Saudi Arabia 27 448 24.2 92 5 3

Indonesia 239 871 14.9 2 93 5

Turkey 72 752 13.2 60 32 8

Russia 142 985 11.6 3 79 18

Syria 20 411 11.3 90 5 5

Japan 126 536 10.9 23 29 48

Thailand 69 122 10.7 14 60 26

Italy 60 551 10.4 67 23 10

Table 5.1 Fifteen countries with the largest estimated annual groundwater extractions (2010)
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As Table 5.3 shows, wool and felted fabrics processes are the most water-intensive textile 
operations (with wool processing having a median water use of about 280 l/kg). The figures 
also show that water consumption in this industry varies widely.

An example of a city where groundwater quality and quantity were adversely affected by rapid 
industrialization, a known problem especially in developing countries, is Tiruppur (India). 
The city is highly dependent on intensive textile processing activities, but also relies on 
groundwater as the main source for drinking water. Samples showed that the groundwater is 
contaminated with salts used in textile processing (Grönwall and Jonsson, 2017a).

Washing and cleaning
Many production processes need a large amount of water for washing and cleaning their 
products at the end of production, in order to separate residues of processing chemicals. 
These chemicals remain in the effluent and need treatment to protect the environment and 
human health. Specific data concerning the quantity of groundwater used for washing and 
cleaning purposes in the different industries are lacking.

Cooling
The use of groundwater for cooling purposes is very dependent on the location and type of 
industry and will therefore vary widely from country to country. Primary energy and power 
production are the biggest single users of industrial water.14 High-energy processes need large 
quantities of cooling water. For example, steel and metal smelters use 30 m³ of water per ton 
of steel, while refineries use 1.5 m³ of water to process 1 m³ of crude oil. In the USA, 15% of the 
process water used in refineries is sourced from groundwater (US Department of Energy, 2016).

5.2.3 Beverages and bottled water
The beverage, bottled and mineral water sectors are unique in that groundwater is a raw 
material that becomes the product. According to market research, the industry is expected 
to grow 8% annually (Facts & Factors, 2020). The sources of mineral water used for human 
consumption need special attention, as these watersheds and aquifers need to be protected 
against any type of microbiological and chemical pollution.

14	 The International Energy Agency estimates that industry and energy (primary energy and power production) account 
for about 10% each of total water withdrawals globally (IEA, 2016a).

Table 5.3
Water use in textile 

processing in the USA 
(in l/kg of production)

Source: Adapted from US EPA 
(1996, table 2-33, p. 65). 

Water use in textile processing

Processing subcategory Water use minimum Water use median Water use maximum

Wool 110 285 660

Woven 5 110 510

Knit 20 80 380

Carpet 8 45 160

Stock/Yarn 3 100 560

Nonwoven 2,5 40 80

Felted fabrics 33 210 930
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For example, mining in Poland requires dewatering 1 km³ of water per year (Kowalczyk 
et al., 2010). Based on an average household of three using 230 m³/year,15 this is the 
equivalent of the consumption of more than 4.3 million households or about 13 million 
people. Water use though the mining cycle is shown in Figure 5.2. 

The liability that comes with mining operations using groundwater and accompanying 
dewatering can be onerous in terms of moving and treating the groundwater and the 
associated costs. These issues and impacts are summarized in Table 5.5. There are also 
related issues – safety of workers and local residents, and impacts to drinking water and 
the environment. The fact that in 2020 only two mining companies reported leaching of 
pollutants to groundwater bodies as being a risk highlights that more attention may be 
needed in this respect (CDP, unpublished). 

Contamination of groundwater arises commonly from oxidation and dissolution of pyrite 
from sulphide ore (acid mine drainage (AMD) is a long-standing issue in the mining 
industry), or from saline groundwater drainage and leachates. According to the results 
of national surveys conducted in the 1990s and 2000s, about 9,000 km² of groundwater 
bodies were at risk of metal pollution in the United Kingdom (UK) (IAH, 2018). Tailing 
storage facilities, common at many mines, can also lead to groundwater pollution (Box 5.1).

Mining can use the same technologies available to other industrial sectors to manage 
water, decrease its use and improve efficiency. In some cases, poorer-quality water can 
be used. For example, saline water can be better for some separation processes (Prosser 
et al., 2011). Groundwater management can be incorporated into regulations covering 

15	 City of Toronto average water consumption. www.toronto.ca/311/knowledgebase/kb/docs/articles/revenue-
services/customer-service/call-centre/call-centre/city-of-toronto-average-water-consumption.html.

Figure 5.2   Water use during a mining project life cycle

Source: IFC (2014, fig. 1, p. 5).

Exploration

Wide range of water use 
during drilling

Affected community’s perception 
of uncontrolled water extraction

Risk of contamination from drilling additives 
and sumps; stormwater management

Planning and construction

Runoff, spills, sediment, 
settling ponds

Develop process to account for water 
use and related costs/risks

Possible chemical contamination, 
monitoring needed

Operations

Demand during mineral 
processing, dust suppression, 

and evaporation losses

Account for water in all operation 
cycles incorporating data 

from all prior phases

Manage wastewater discharge, seepage, 
groundwater from mine pit dewatering, 

and runoff

Closure and postclosure

Long-term contamination risk, 
potential need for water during 

postclosure land use

Water plan and program legacyRigorous monitoring needed















The United Nations World Water Development Report 2022    Groundwater: Making the invisible visible88

Industry and energy generally use less water than other major water use sectors, such 
as agriculture and municipalities, and correspondingly much less groundwater. However, 
they can have a very significant impact on groundwater quality through discharges, spills 
and leaching of waste. This is not to propose that industry and energy should move away 
from groundwater use, indeed in some ways their use of groundwater could relieve the 
stress on surface water resources releasing them for the benefit of other users. The 
private industry and energy sectors do have the flexibility to move quickly, and the means 
available for contributing effectively to the sustainable use of groundwater with respect 
to quantity and quality that other, more public, sectors sometimes lack.

Industry and energy have more control, through their ownership and organizational 
structures, over how much groundwater they use. As a result, they can act more nimbly 
and quickly than governments. Water reuse and recycling, zero-discharge initiatives, 
RECP projects, and EIPs all have a focus of using less water. These activities in turn 
form part of the shift to greener industry, Environmental, Social Governance (ESG), 
and industry and energy water stewardship. They can dovetail into Industry 4.020 
improvements (see United Nations, 2021, Chapter 6, p. 93) and larger societal and 
government plans and activities such as integrated water resources management 
(IWRM), and move towards circular economies. Even the financial sector is now exerting 
its considerable influence over sustainable investing and this will have a knock-on effect, 
favouring clients, including those in industry and energy who need financing and use 
groundwater sustainably, and encouraging others to do so. 

20	 Industry 4.0 is the digital transformation of manufacturing/production and related industries and value 
creation processes.

5.7 
Moving forward
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Groundwater-dependent ecosystems (GDEs) consist of plants, animals and fungi that rely 
on the flow, temperature or chemical characteristics of groundwater for all or some of their 
water needs (Murray et al., 2003; Foster et al., 2006; Kløve et al., 2011) (Figure 6.1). GDEs 
are extremely diverse and can be divided into three classes based on the expression of 
groundwater within the ecosystem (Eamus et al., 2015; Figure 6.2). These include: 

•	 aquatic GDEs, which depend on the interaction of groundwater and surface water, 
such as springs, wetlands and estuaries, as well as groundwater discharge and 
baseflow in rivers, streams, wetlands and coastal zones; 

•	 terrestrial GDEs, which depend on ecologically accessible groundwater; and 

•	 subterranean GDEs, which depend on aquifers and karst systems, including 
the hyporheic zones of rivers and floodplains. 

While constituting different classes, GDEs may be closely linked and dependent on the same 
groundwater, which may be the case of riparian vegetation next to a river, and of the river 
ecosystem itself. GDEs contain endemic species reliant on the living conditions created by 
groundwater. GDEs can also be the foci of human settlements, centres of religious and cultural 
practice, and even the source of conflict (Kreamer et al., 2015; United Nations, 2021). 

6.1
Introduction to 
groundwater-

dependent 
ecosystems

Groundwater dependence can be continuous, seasonal or occasional, and becomes apparent 
when a species loses access to groundwater long enough to display a negative response, 
such as reduced growth or reproduction, or increased mortality. Some species are completely 
dependent upon groundwater, such as those that rely on springs or constant baseflow inflow 
to rivers, lakes or coastal zones. But groundwater dependence can be more difficult to discern 
for other species because a combination of water sources (e.g. groundwater, surface water, 
precipitation, irrigation return flow, stormwater runoff) provides certain living conditions in 
different seasons or different life stages.

GDEs have been mapped for some jurisdictions, such as California (USA, Box 6.1) and Australia 
(Doody et al., 2017). Mapping is an important component in the emerging interdisciplinary 
field of ecohydrogeology, which aims to fill existing knowledge gaps between hydrology, 
hydrogeology and ecology (Cantonati et al., 2020) using a diversity of methods (Eamus et al., 
2015; Ramsar Convention Secretariat, 2013; Kalbus et al., 2006, Murray et al., 2003). 

Figure 6.1   

Example of a 
groundwater-dependent 

ecosystem: An aerial view 
of floodplains and islands 

in the Okavango Delta 
(Botswana)

Photo: Vadim Petrakov/
Shutterstock.
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Water quality, temperature and contamination all impact GDEs and the services they provide 
(Figure 6.5). Groundwater quantity (volume, level, flux and their variations in time) is this 
Chapter’s primary consideration, but groundwater quality (natural and as affected by human 
impacts) and temperature are also essential. Each ecosystem is conditioned by specific 
water quality requirements, and what is appropriate in certain ecosystems may be detrimental 
in others. For example, salinity in coastal wetlands or in salt flats is necessary for these 
ecosystems. However, in other environments, such as terrestrial ecosystems, an increase in 
salinity due to artificially raised water tables as a result of land use change (e.g. deforestation 
in Australia) or excessive irrigation (e.g. Lower Indus Valley, Pakistan) can lead to habitat 
degradation, decreased agricultural outputs, soil erosion, altered biogeochemical cycling 
and decreased carbon storage (Foster and Chilton, 2003). Geogenic contamination (i.e. with 
naturally occurring chemical contaminants) affects the health of millions of people worldwide, 
and may also impact GDEs – a problem that requires more attention (Bretzler and Johnson, 
2015). GDEs can be impacted by known and emerging organic contaminants (pesticides, 
pharmaceuticals, recreational drugs, surfactants and personal care products), and by nutrient 
pollution from domestic and urban wastewater and agriculture. Organic contaminants 
and their degradation products can cause health problems, including developmental and 
reproductive effects in humans, wildlife and ecosystems (Campbell et al., 2006). Previous 
studies of ecosystem impacts of contamination have focused on surface water. Less is known 
about ecosystems impacted by groundwater contamination. 

The shared well-being of groundwater, ecosystems and humans may be enhanced by 
groundwater management, conjunctive water and land management, nature-based solutions 
(WWAP/UN-Water, 2018), and improved ecosystem protection. Groundwater management, 
as described in Chapter 11, often focuses on groundwater or aquifers themselves. While 
important, this is often insufficient to ensure that groundwater and ecosystems together 
continue to provide critical ecosystem services. Conversely, groundwater knowledge or 
management is often insufficiently incorporated into ecosystem protection and management. 
Even though groundwater discharge and baseflow are the basis for the good state of many 
aquatic ecosystems, groundwater dependency of these systems is often not considered in 
mapping freshwater habitats or biodiversity (McManamay et al., 2017). For example, the 
World Wildlife Foundation’s Global 200 list of ecoregions (terrestrial, freshwater, and marine 
subclasses) does not directly or explicitly consider groundwater or map GDEs (Box 6.1) 
when highlighting key areas of protection for aquatic and terrestrial ecosystems (Olson 
and Dinerstein, 2002). Explicitly considering groundwater in conjunctive water and land 
management, nature-based solutions, and ecosystem protection is a practical entry point to 
achieving groundwater and ecosystem sustainability. 

Groundwater is part of both the water cycle and complex aquatic, terrestrial and subterranean 
ecosystems. It is thus essential to integrate groundwater management with ecosystem and 
watershed planning and protection, as is currently done at different scales: subnational (e.g. 
California), national (South Africa or Australia), or supranational (e.g. European Union) (Rohde 
et al., 2017). Land use planning that better incorporates groundwater generally has two 
elements: (i) resource quantity maintenance and quality protection, based on the vulnerability 
of a groundwater system or an aquifer to depletion, subsidence, degradation or pollution; and 
(ii) source protection around individual groundwater withdrawal sites, such as boreholes or 
springs, with a focus on protection from pollution (Smith et al., 2016). 

Groundwater nature-based solutions (sometimes also called groundwater-based natural 
infrastructure) intentionally use and manage groundwater and subsurface systems and 
processes in order to increase water storage, flood retention, water quality, and environmental 
functions or services for the overall benefit of water security, human resilience and environmental 
sustainability (Villholth and Ross, n.d.). The best-known groundwater nature-based solution is 
managed aquifer recharge (see Box 7.1 and Section 11.5), which is increasingly implemented 
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8.5.1 Regional setting
The Arab region is one of the most water-scarce regions in the world. In 2020, 19 out of 22 Arab 
states fall below the threshold for renewable water scarcity of 1,000 m³ per capita/year, with 
13 states situated below the absolute water scarcity threshold of 500 m³ per capita/year 
(UNDESA, 2020; Aquastat, n.d.). It is expected that by the year 2050, 17 Arab countries will be 
below the absolute water scarcity threshold (UNDESA, 2020; Aquastat, n.d.). This has pushed 
countries to draw upon other conventional and non-conventional water resources to meet their 
freshwater needs. Groundwater is the most relied-upon water source in at least 11 of the 22 Arab 
states and accounts for more than 80% of the freshwater withdrawals in Libya, Djibouti, Saudi 
Arabia and Palestine (Figure 8.7) (Aquastat, n.d.). 

Groundwater in the region also tends to extend over large geographic areas and across 
political boundaries. Most groundwater resources in the region are non-renewable, and 
must be managed with a view to the fact that they are a finite resource. However, monitoring 
groundwater extraction remains difficult, despite the emergence of new technologies. This 
complicates the management of groundwater, particularly in a transboundary context. All 
Arab states except for the Comoros draw upon one or more transboundary groundwater 
resource, with 42 transboundary aquifer systems covering almost 58% of the Arab region’s area 
(Figure 8.8). The Nubian Sandstone aquifer has an area of 2.17 million km² with a storage of 
373,000 billion m³ shared between Chad, Egypt, Libya and Sudan (Bakhbakhi, 2006). 

8.5 
The Arab region

Figure 8.7   Origin of water withdrawal in selected Arab states by source

Source: Based on data from Aquastat (n.d.), Al-Zubari and Alajjawi (2020) (for Kuwait), and Abd-El-Mooty et al. (2016) (for Iraq). 

Note: Not all data are for the same year. The latest data available for each country are used. 

Fresh groundwater withdrawal

Li
by

a

Al
ge

ria

Le
ba

no
n

Ba
hr

ai
n

Sa
ud

i A
ra

bi
a

Ye
m

en

Un
ite

d 
Ar

ab
 E

m
ira

te
s

M
or

oc
co

So
m

al
ia

Dj
ib

ou
ti

O
m

an

Jo
rd

an

Q
at

ar

Pa
le

st
in

e

Tu
ni

si
a

Ku
w

ai
t

Eg
yp

t

Ira
q

Desalinated water produced

Fresh surface water withdrawal

Direct use of treated municipal wastewater

Direct use of agricultural drainage water

100%

60%

80%

40%

0%

90%

50%

70%

30%

20%

10%





















The United Nations World Water Development Report 2022    Groundwater: Making the invisible visible148

9.3.1 In-situ monitoring
Groundwater needs to be monitored over time in terms of quantity and quality, in order to 
learn about the behaviour and state of aquifers, and to identify possible negative changes 
such as over-abstraction, reduced recharge (including climate change effects) and pollution. 
Groundwater levels, as indicators of the quantitative status of the groundwater system, 
are monitored in wells (Figure 9.2), manually or with automatic recorders (data loggers). 
Additionally, loggers can be equipped with sensors that allow for a telemetric transmission of 
data to a database. Groundwater recharge is usually estimated, while several components of 
groundwater discharge (well abstraction, spring discharge, river baseflows) can in principle be 
monitored, using different methods and devices. 

Groundwater quality monitoring involves sampling wells and springs. Because the chemistry 
of a groundwater sample can change quickly once groundwater reaches the surface, certain 
unstable parameters (such as pH and water temperature) need to be measured on the spot 
(wellhead or spring), while the full analyses are normally carried out on samples brought to a 
laboratory. Where laboratories are not available locally, field kits can be used. 

Groundwater monitoring programmes need to be planned according to well-defined objectives, 
which determine what parameters must be monitored (Table 9.1), how, where and how often. 
The objectives of national monitoring programmes are usually to provide data about the long-
term state and trends of groundwater, and inputs for water policy planning (IGRAC, 2020). 
A groundwater quality monitoring programme seeks to assess natural or anthropogenic 
changes in water chemistry and microbiology. Other objectives could be to investigate specific 
pollution issues, or a targeted study area. Detailed local-scale monitoring of spring flows and 
groundwater levels is especially important for groundwater-dependent ecosystems. 

In many countries, groundwater monitoring is the responsibility of public institutions such 
as water ministries and environmental protection agencies (IGRAC, 2020), although other 
organizations, like water companies and research institutes, might have their own monitoring 

9.3
Groundwater 

monitoring

Figure 9.2   
Modern piezometer with 

a data logger and an 
explanation for the public 

(National Park De Alde 
Feanen, Province of 

Friesland, the Netherlands)

Photo: Claudia Ruz Vargas.
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Groundwater management encompasses the day-to-day operational decisions and practices 
that guide abstraction of groundwater, as well as other activities that have an influence on 
groundwater and the aquifers through which it flows. Management of groundwater may be 
undertaken to achieve the goals and objectives of policies set forth by laws and administrative 
procedures (see Chapter 10) or it may be undertaken by entities and individuals acting on 
their own accord. Knowledge of local groundwater systems and their conditions provides an 
important foundation for management, as it identifies what needs to be managed, what actions 
can be taken, and what the impacts of those actions can be.

As groundwater provides a range of provisioning, regulating, and supporting services 
(Bergkamp and Cross, 2007; Griebler and Avramov, 2015; see Figure 1.5), groundwater 
management is multidimensional. Groundwater management aims to control groundwater 
abstraction and quality as well as to address the effects of groundwater abstraction on 
ecosystems, surface waters, land subsidence and more. Groundwater management may 
also seek to allocate water in a manner that aligns with priorities and objectives stipulated in 
groundwater policies. Crucial to the success of any management effort is the need to examine 
the potential externalities and multiple effects of any management action, to avoid unintended 
or unexpected consequences.

This chapter provides an overview of groundwater management. Topics discussed include: 
gathering data and knowledge for groundwater management, controlling groundwater 
abstraction, protecting groundwater quality, and managing groundwater for broader 
sustainability and needs. Integrated groundwater management practices, including managed 
aquifer recharge (MAR), are also described.

Chapter 9 describes tools and approaches for building the knowledge base for groundwater 
and keeping it up to date. For groundwater management, a hydrogeological conceptual 
model – describing structural features, boundary conditions and hydraulic properties of the 
groundwater system – is needed to estimate groundwater availability and to understand 
and characterize the main physical processes that are taking place within the system. Since 
aquifers are dynamic systems subject to change, groundwater abstraction, water levels 
and water quality need to be regularly monitored to provide information on the state of the 
groundwater system and trends over time. Hydrogeological conceptual models, the water 
budget (i.e. recharge, discharge, and their difference) and monitoring data provide the basic 
ingredients for groundwater models. Groundwater modelling can contribute to a better 
understanding of flows throughout the groundwater system and can be used for predicting the 
future state of the system (both with and without management interventions).

Perhaps one of the most critical components of groundwater management is control of the 
location and quantity of water withdrawals from the aquifer. Proper siting and construction 
of wells and boreholes (also known as drilled wells or tubewells) are fundamental for 
managing the hydrogeological impacts of withdrawals, both on the aquifer itself and on other 
environmentally significant assets such as rivers, lakes, wetlands, springs and groundwater-
dependent ecosystems. Careful siting of wells is also important to prevent or minimize 
potential interactions between wells. Control over the quantity of water withdrawn is important 
because intensive groundwater pumping continuing for extended periods of time may lead to 
groundwater depletion.

A variety of tools can be used to manage groundwater withdrawals (Table 11.1). Which tools are 
used depends on the approach to management defined by the governance and policy regimes in 
place. Not all management occurs through government. Communities and/or groundwater users 
themselves may independently choose to manage well siting and groundwater abstractions and 
in doing so, employ similar tools to those used by the government. 

11.1
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Groundwater management presents many challenges and opportunities. For groundwater to 
be effectively managed, the links between groundwater, society (including population growth), 
environment and ecosystems, and climate change must be taken into consideration. Policies 
and activities from outside of the water sector influence demands for groundwater as well 
as infiltration and recharge, and may also create sources of contamination. Groundwater 
management also has implications for society, the environment and the economy. 

Historically, groundwater has usually not received management attention until after a problem 
has magnified to the extent that it becomes visible. Management has thus been reactive. 
Proactive approaches to managing groundwater are required to prevent degradation and 
depletion of the resource. 

Management of groundwater must concurrently take into consideration the multiple 
dimensions of groundwater systems: groundwater storage, flows, quality and behaviour, and 
the structure and properties of the aquifer itself. 

Management of groundwater must occur at all levels. While governments and their mandated 
agencies may take the lead in the overall coordination regarding groundwater management, 
there may also be important roles to be played by communities, water companies, industries, 
farmers and other individuals. 

Limited data and knowledge remain key impediments to evidence-based groundwater 
management. Monitoring, assessments and investigations are critical (see Chapter 9). 

Capacity and capability (both people and knowledge) are required for effective and successful 
groundwater management. Educating the young and ensuring that their voices are heard are 
vital for the future success of groundwater management globally. Well-resourced groundwater 
science and education programmes are needed to train managers, and governance and 
policy must create the enabling environment for management. Developing and sustaining 
groundwater management requires substantial financial and political support from 
governments, and adequate mandates for the agencies that will play the lead role. 

11.6
Conclusions

Box 11.3   Stormwater harvesting for aquifer storage and recovery: Example of a MAR project, 
Adelaide area (Australia)

In Adelaide (Australia), stormwater runoff is collected in small, constructed wetlands that have 
a retaining and treatment functionality, providing for biodiversity and forming a recreational 
destination. During several days of retention in the wetlands, pollutants and pathogens are 
removed. Then, the water is injected in the deep Tertiary aquifer by means of Aquifer Storage 
and Recovery (ASR) wells. Stormwater harvested via aquifer storage and recovery represents 
about 10% of Adelaide’s water supply. By 2017, 58 MAR schemes were in operation, with a 
combined recharge capacity of more than 20 million m³/year.

MAR schemes have low costs and high public acceptance.
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such as the Global Groundwater Information System (GGIS) (IGRAC, n.d.). Advances in 
technologies, from space-based observations to telemetry, combined with citizen science, may 
facilitate the heavy burden and cost of data collection (see Chapter 9).

The data and information requirements suggested in Table 12.1 apply both to domestic and 
transboundary aquifers, except for the legal and institutional components. Data that have been 
collected and analysed at the national level, using different methods and approaches, may 
need to be harmonized before they can be used across borders.

A vital component of transboundary aquifer management is monitoring, which should include 
time series observation of groundwater levels and quality (IGRAC/UNESCO-IHP, 2015). For 
monitoring to be effective, data should be coordinated, harmonized and shared among aquifer 
states (SADC-GMI/IGRAC/IGS, 2019b). In view of the complexities in transboundary aquifer 
assessment and monitoring, guidelines have been developed to assist aquifer states and 
stakeholders in the process (e.g. the UNECE Task Force on Monitoring and Assessment, 2000; 
AFD, 2011; IGRAC/UNESCO-IHP, 2015).

International water law was initially developed for surface waters. Considerations on 
groundwater started progressively with the growing awareness of the importance of 
transboundary aquifers. The Convention on the protection and use of transboundary 
watercourses and international lakes44 (Water Convention – UNECE, 1992) covers any surface 
or groundwater bodies that mark, cross or are located on boundaries between two or more 
states. It has provided the basis for various bilateral and multilateral agreements (UNECE, 
2013). The Convention on the law of non-navigational uses of international watercourses 
(United Nations, 1997)45 considers transboundary groundwater only when it is connected to an 
international surface water system and flows to the same terminus. It does not consider the 
specific characteristics of the diverse types of aquifers. 

To fill this gap, the International Law Commission (ILC) prepared an international law 
instrument composed of 19 draft articles that contemplate all types of aquifer characteristics 
(Stephan, 2011). The articles are the topic of five non-binding UN General Assembly (UNGA) 
resolutions.46

The UNGA commends the draft articles to the attention of governments, “as guidance for 
bilateral or regional agreements and arrangements for the proper management of transboundary 
aquifers” (UNGA, 2013, 2016, 2019). All types of transboundary aquifers, including non-
recharging aquifers, are covered in the scope of these draft articles. They also consider land 
use, as they apply to “other activities that have or are likely to have an impact” (art. 1§b). The 
draft articles have adapted the core principles of international water law to the aquifers’ 
characteristics. They include considerations related to non-rechargeable aquifers, groundwater 
management and monitoring, and the protection of ecosystems and the aquifer recharge and 
discharge zones. In 2012, the Meeting of the Parties to the Water Convention adopted the 
Model Provisions on Transboundary Groundwaters (UNECE, 2014), which build upon the draft 
articles, aiming to provide guidance for the implementation of the principles of the Convention 
to transboundary groundwater, and to improve cooperation on integrated management of 
transboundary surface water and groundwater bodies. 

44	 In force since 1996, 44 Parties.

45	 In force since 2014, 37 Parties.

46	 These resolutions are 63/124, 66/104, 68/118, 71/150 and 74/193 (UNGA, 2009, 2012, 2013, 2016, 2019). The draft 
articles are annexed to resolutions 63/124 and 68/118.
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14.1.5 Data, information and knowledge on groundwater and aquifers
The lack of detailed information and knowledge about local groundwater resources is a 
major challenge in many countries. The UN Summary Progress Update 2021 on SDG 6 raises 
the issue of the lack of groundwater data and the lack of groundwater monitoring initiatives, 
emphasizing that groundwater monitoring is a ‘neglected areaʼ. Outside of Europe, North 
America and large Asian countries like India and China, regular monitoring of groundwater 
levels or quality, the first step towards groundwater management, is restricted to only a few 
countries. 

14.2.1 Groundwater deserves to be put high on the agendas
The General Assembly of the United Nations, as well as the Human Rights Council, recognize 
that equitable access to safe and clean drinking water and sanitation are distinct human 
rights. UN Member States are expected to realize the human rights to safe drinking water 
and sanitation through action plans or strategies, thereby actively promoting awareness and 
capacity-building. Due attention should be paid, among other things, to sustainable water 
supplies, treatment before consumption if raw water quality is inadequate, and – since 
groundwater is an essential component of water supply and sanitation – to groundwater 
protection and aquifer recharge.

Groundwater plays also a very important role in other sectors such as agriculture, 
industry and the environment, with positive impacts on economies, incomes, welfare and 
ecosystems. Pro-active and capable groundwater custodians are needed to ensure the 
sustainability of the required groundwater services.

14.2.2 Good groundwater governance and management are crucial
It is essential that countries commit themselves to developing an adequate and effective 
framework for groundwater governance. This requires that governments take the 
lead and assume responsibility to set up and maintain a fully operational governance 
structure, including: the knowledge base; institutional capacity; laws, regulations and their 
enforcement; policy and planning; stakeholder participation; and appropriate financing. It is 
also incumbent upon countries to ensure that their policies and plans are fully implemented 
(groundwater management).

14.2.3 Data, information and knowledge are indispensable guides towards proper 
groundwater development and management
Scientific knowledge in hydrogeology and the methods and tools available are sufficient to 
address most groundwater management issues, like siting wells, optimizing abstraction 
and predicting its effect at the local and regional scales, and preventing contamination. 
The challenge lies more with the scarcity of reliable area-specific data on groundwater, 
especially in low-income countries, and with the limited dissemination of data, information 
and knowledge among researchers, practitioners and decision-makers. Effective government 
responses include – first and foremost – developing and maintaining a dedicated groundwater 
knowledge base.

Regarding aquifer exploration and assessment, the data and information acquisition of 
groundwater agencies may be complemented by the private sector. Particularly the oil 
and mining industries possess a great deal of data, information and knowledge on the 
composition of the deeper domains underground, including aquifers. It is highly desirable 
that they would share these with public sector professionals in charge of groundwater 
assessment and management. In addition to exploration and assessment, groundwater 
monitoring activities are also essential. They have to provide spatially differentiated 
information on changes over time of water levels, groundwater abstractions and 
groundwater quality – which is essential for underpinning proper decisions on groundwater 
development and management.

14.2
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The interrelationships between aquifers and surface water, land use, ecosystems, and the use 
of subsurface space and resources imply that groundwater policy and planning need to be 
embedded in a wider policy context (i.e. horizontal integration), as each of these are directly 
linked to groundwater availability and quality. Approaches such as managed aquifer recharge 
(MAR) and conjunctive water management embrace these interrelationships. The potential and 
feasibility of tapping into unconventional groundwater resources (e.g. brackish groundwater, 
offshore fresh or brackish groundwater) should also be explored.

14.2.9 Financing: the fuel for action
Groundwater governance and management require substantial structural financing. However, 
mechanisms for allocation of government funds or for raising funds from private sources 
are in many cases rather poorly developed. In many countries, there is no price or tariff for 
groundwater, especially for irrigation purposes, in part due to the difficulties in monitoring and 
enforcement, and the political importance of the agricultural sector (which also results in the 
lack of political will).

If groundwater is included as part of distributed water supply infrastructure, the water tariff, if 
properly set, can provide financing for groundwater management. However, even cost recovery 
is challenging in most countries and costs for water resources management are rarely 
reflected in the water bill. Therefore, water resources management is financed by a mix of 
abstraction levies, fees or tariffs, effluent or pollution charges, taxes, government budgets, and 
Official Development Assistance (ODA). In addition, there are opportunities to better integrate 
sustainable groundwater development and management as part of water sector projects and 
initiatives. For example, MAR projects can be included as part of urban water supply in order 
to add security and flexibility in case of seasonal resource variation. It is also worthwhile to 
better analyse and understand the costs and benefits of groundwater management action 
(and inaction) in economic terms, considering opportunity costs, externalities, and social and 
environmental benefits. This could help put groundwater issues higher up the political agenda 
to secure commitment and leverage different types of financing.

The Earth’s total groundwater resources represent an enormous supply of freshwater. In a 
world of ever-growing water demand, where surface water resources are often scarce and 
increasingly stressed, the value of groundwater is poised to become progressively recognized 
by everyone, as a resource that has allowed human societies to flourish since millennia.

However, in spite of its overall abundance, groundwater remains vulnerable to overexploitation 
and pollution, both of which can have devastating effects on the resource and its availability. 
Unlocking the full potential of groundwater will require strong and concerted efforts to manage 
and use it sustainably. And it all starts by making the invisible visible. 

14.3
Coda
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ANA	 National Water Authority (in Peru)

ATES	 Aquifer Thermal Energy Storage

ASR	 Aquifer Storage and Recovery

CDP	 formerly the Carbon Disclosure Project

CMIP5	 Coupled-Modelled Inter-Comparison Project Phase 5

COWSO	 Community Water and Supply Organizations

DBP	 Disinfection By-Products

DDT	 Dichlorodiphenyltrichloroethane

DIKTAS	 Dinaric Karst Transboundary Aquifer System

EGS	 Enhanced Geothermal System

EIPs	 Eco-Industrial Parks

ENSO	 El Niño Southern Oscillation

ET	 Evapotranspiration

EU	 European Union

EUWI+	 European Union's Water Initiative Plus

GAA	 Guarani Aquifer Agreement

GAS	 Guarani Aquifer System

GDE	 Groundwater-Dependent Ecosystem

GEF	 Global Environment Facility

GGIS	 Global Groundwater Information System

GGRETA	 Governance of Groundwater in Transboundary 		
	 Aquifers

GPCP	 Global Precipitation Climatology Project

GRACE	 Gravity Recovery and Climate Experiment

GSHP	 Ground Source Heat Pumps

GWB	 Groundwater Body

GWS	 Groundwater Storage

HDPE	 High-density polyethylene

IEA	 International Energy Agency

IGRAC	 International Groundwater Resources Assessment 	
	 Centre

IHP	 Intergovernmental Hydrological Programme

ILC	 International Law Commission

ISARM	 Internationally Shared Aquifer Resources 		
	 Management initiative

IWRM	 Integrated Water Resources Management

JMP	 Joint Monitoring Programme

LULC	 Land Use and Land Cover

MAR	 Managed Aquifer Recharge

MOEF	 Ministry of Environment and Forestry (Indonesia)

NDCs	 National Determined Contributions	

ODA	 Official Development Assistance

P	 Precipitation

PES	 Payment for Ecosystem Services

PPP	 Public–Private Partnership

RECP 	 Resource Efficient and Cleaner Production

RWG	 Regional Working Group

SAAB	 Amazon Aquifer System in Brazil

SADC	 Southern African Development Community

SDG	 Sustainable Development Goal

SIDS	 Small Island Developing States

SLR	 Sea Level Rise

SMAB	 Senegalo-Mauritanian Aquifer Basin

SPIS	 Solar-Powered Irrigation Systems

TBA	 Transboundary Aquifer

TSF	 Tailings Storage Facility

TWS	 Total Water Storage

UAE	 United Arab Emirates

UN	 United Nations

UNECE	 United Nations Economic Commission for Europe

UNESCO	 United Nations Educational, Scientific and Cultural 	
	 Organization

UNIDO	 United Nations Industrial Development Organization

UNICEF	 United Nations Children’s Fund

USA	 United States of America

WASH	 Water, Sanitation and Hygiene

WHYMAP	 World-Wide Hydrogeological Mapping and 		
	 Assessment Programme

WHO	 World Health Organization

WFD	 Water Framework Directive

WWDR	 World Water Development Report

ZLD	 Zero Liquid Discharge
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