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Groundwater resources, movement, recharge and 
impact



Scheme definition



Why do we study groundwater?

Saudi 
Arabia

• Agricultural use
• Residential use
• Industrial use
• Drainage
• Soil processes
• Etc.
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Consolidated, fissured aquifers in the 
Alps 

Storage capacity 20 km3

3.7 km3/a renewal rate 
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Consolidated, karstified aquifers
(Storage 120 km3, 3.8 km3/a renewal rate)
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Consolidated, karstified aquifers

Storage 120 km3

3.8 km3/a renewal rate 

Source: FOEN



Groundwater resources
3 principal types of aquifer

Unconsolidated porous aquifers
(Storage 10 km3, 10.6 km3/a renewal rate)
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Unconsolidated porous aquifers

Storage 10 km3

10.6 km3/a renewal rate 

Source: FOEN



Swiss groundwater resources: volume and renewal

Groundwater is usually of drinking water quality!

Source: FOEN



Groundwater use in Switzerland

83% of the drinking water
in Switzerland is from groundwater

39% from pumping wells and 
44% from spring catchments

̴ 25% of the drinking water is bank filtrate

Little groundwater used 
for irrigation so far 
(increasing)

Source: FOEN



Water movement in (saturated) soil
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Darcy’s Law

k [L/T] is the saturated hydraulic 
conducJvity coefficient (or permeability 
coefficient)
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2D potential well

Interception zone

U∞

LL/2𝜋

Sink flowrate (pumping)
Q=U∞ L D

D is the aquifer thickness



Factors affecting k

• Density and viscosity of soil water (in turn affected by temperature)
• Turbulence of flow if any (e.g. in karst aquifers with large fissures)
• Soil porosity
• Shape and arrangement of soil parFcles (and hence origin and stress 

history due to erosion, construcFon etc)
• Degree of saturaFon
• Thickness of layers of water adsorbed to surface of parFcles
• Permeability to soil relaFonship status!



Example 1: unconfined aquifer (phreatic)
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Example 2: confined aquifer (artesian)

• Top 5 m impermeable
• No water table
• No free surface
• Pressure causes water in 

observation holes to rise 
above the aquifer
• Water can only flow 

through aquifer depth D 
(< h)

𝑞 = 𝐴𝑘𝑖 = 2𝜋𝑟𝐷𝑘
𝑑ℎ
𝑑𝑟

𝑘 =
𝑞
2𝜋𝐷

𝑙𝑛 ⁄𝑟" 𝑟#
ℎ" − ℎ#

⟺ Note the difference with the 
phreatic one!
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Legal basis of groundwater management
Swiss Federal Water Protection Act (WPA 1991) and amendments

Protec'on of quan'ty 
Goal: No appreciable change in groundwater levels and springflows
Means: Licensing of concessions, monitoring of pumping, fees... 

Licensing and fees for permits (temporary) and 
concenssions (long-term: 10 to 80 years)

About 100 
sta+ons

Protection of quality 
Goal: Drinking water quality
Means: Protection zones, enforcement of standards, rules on 
handling of hazardous substances... About 60 

federal stations

Requirement for monitoring of both quantity 
and quality 
Goal: Prewarning, guiding of management, 
verification of efficiency of measures taken 
Means: observations networks, e.g. NAQUA... 



Groundwater abstraction: protection zonesProtection zones for drinking water wells

^ϭ�ŝŵŵĞĚŝĂƚĞ�ǀŝĐŝŶŝƚǇ ŽĨ ǁĞůů

S2 10-day zone, protection against bacteria
S3 twice as large as S2, warning perimeter

«Inflow zone» (90% of catchment),
protection against persistent pollutants

Administrability made feasible by fitting outline to landmarks

Courtesy of W. Kinzelbach, ETH Zurich

Legal base of groundwater management

^ǁŝƐƐ�&ĞĚĞƌĂů�tĂƚĞƌ WƌŽƚĞĐƚŝŽŶ��Đƚ�;tW��ϭϵϵϭͿ�ĂŶĚ ĂŵĞŶĚŵĞŶƚƐ

Requirement for monitoring of both quantity and quality
Goal: Prewarning, guiding of management, verification of efficiency of measures taken
Means: observations networks, e.g. NAQUA͙

Protection of quality
Goal: Drinking water quality
Means: Protection zones, enforcement of standards, rules on handling of hazardous substances͙

Protection of quantity
Goal: No appreciable change in groundwater levels and springflows
Means: Licensing of concessions, monitoring of pumping, fees͙

h$ps://www.bafu.admin.ch/bafu/fr/home/themes/eaux/info-specialistes/mesures-pour-la-protec;on-
des-eaux/protec;on-des-eaux-souterraines/eaux-souterraines-u;lisees-comme-eau-potable.html 

https://www.bafu.admin.ch/bafu/fr/home/themes/eaux/info-specialistes/mesures-pour-la-protection-des-eaux/protection-des-eaux-souterraines/eaux-souterraines-utilisees-comme-eau-potable.html
https://www.bafu.admin.ch/bafu/fr/home/themes/eaux/info-specialistes/mesures-pour-la-protection-des-eaux/protection-des-eaux-souterraines/eaux-souterraines-utilisees-comme-eau-potable.html


New groundwater problems 
• Impact of climate change
• Drinking water aspects of river renaturaliza`on
• New contaminants
• Use of groundwater as heat source 



Concerns for drinking water wells (bank filtration) after river restoration 

Remember the Thur restoration project (video)



Groundwater abstraction: salt water intrusion

A deepening of the freshwater level in the acquifer
induces a 40-times larger rise of the salt water 
boundary!!

h

H
rf

rs

interface

(H	+	h)	rf =	H	rs

rf =	1	g/cm3

rs =	1.025	g/cm3

H	=	(rf /(rs - rf))	h	=	40	hè



Example: flooding due to GW rise (saturation- excess process)
Issues with water management can also arise because of 
groundwater, e.g. Mauritania

Figure 1.1: The growth of Nouakchott from 1958 to 2012 (Les Ateliers Internationaux de Maitrrise
d’Oeuvre Urbaine 2015)

The impact of climate-change-induced sea level rise, coupled with changing rainfall patterns, is likely

to further increase the frequency of flood events (Hope 2009). Since many areas of the city lie either at or

below sea level (Fig. 1.2), the predicted sea level increase of +0.82 m by 2100 (Church et al. 2013) could

be devastating. Furthermore, although precipitation for the area is predicted to decrease in overall

total volume, precipitation events are predicted to become more intense, exacerbating groundwater

flooding (Senhoury et al. 2016), meaning action needs to be taken as soon as possible to find a suitable

method of flood defence.

Figure 1.2: Ranges of elevation within Nouakchott (Ouattara 2011)
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Nouakchott, in ODA Mauritania, suffers from 
flooding in rainy seasons

1980

1989
2000

2012

Today 
200 km2

1.1 M inahbit.

• Massive urban growth -> reduced
infiltration

• Several districts below sea level
• Intense water supply, no sewer

network -> high groundwater levels
(+1 m in 20yrs)

• Heavy precipitation -> urban 
flooding (more frequent)

• Left 2000 people homeless in 2013 
and Cholera outbreak

• Climate change will affect
Nouakchott in the upcoming years

• Reduction in rainfall of 10%; More
intense rainfall

• Sea level rise – 0.8 m
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EIRA project (Enhancing Infrastructure Resilience  to flooding using 
Afforestation) 

• To understand current groundwater functioning 
(Data analysis); 

• To quantify potential and actual transpiration of 
some existing tree species as well as soil-plant-
atmosphere energy and mass exchanges (Plant 
physiology); 

• To implement an urban-scale quasi-3D groundwater 
model including surface flows and soil- atmosphere 
flux exchanges (Hydraulic modelling); 

• To use the groundwater model and the aforesaid 
impact scenarios to build risk maps of integrated 
afforestation measures and residual risks 
(Sustainable water management); 

To increase the resilience to flooding of the 
city of Nouakchott by modelling the likelihood 
of success of an integrated afforestation 
program with salt-tolerant tree species 

Objec&vese↵ects (Forbes, Ball, and McLay 2015). However, SEPA note that woodlands can clearly influence

localised and more frequent flooding events by abstracting water from the ground, lowering the water

table and increasing the storage capacity of the soil.

Figure 1.3: E↵ect of single (a) and multiple (b) abstraction points on groundwater level and flow

There are multiple case studies demonstrating the e↵ectiveness of a↵orestation for reducing the risk

of flooding. For example, in the North-East of England, a scheme called ‘Slowing the Flow’ has been

successfully implemented, coupling other flood mitigation measures with planting of 44 hectares of

woodland (Forest Research n.d.). Evidently, planting is a sustainable and natural method of flood al-

leviation that, if successful, can provide benefits to the surrounding environment. However, Greenwood

et al. (1992) show that although planting can lower the water table locally, the wider area remains

unchanged, meaning that a large spread of vegetation may be necessary.

Within Mauritania, there are existing projects considering the impacts of planting. For example,

the ‘Great Green Wall’, is an ambitious and partially implemented project to create a ‘wall’ of trees

from the border of Senegal and Mauritania in the west of Africa, all the way across to Ethiopia,

Djibouti and Eritrea in the east (Ngugi 2016) (Fig. 1.4). This project is aimed at combatting “climate

change, drought, famine, conflict and migration” (Great Green Wall n.d.). Additionally, the ‘Nature

à Tevragh-Zeina’ proposal is primarily aimed at creating natural spaces for bird observation within

Nouakchott (Mairie de Tevragh-Zeina 2014). These plans would include planting to utilise flooded

land and allow natural biodiversity to flourish in these areas. Furthermore, the plans highlight, as a

secondary e↵ect, the positive impact that planting could have on lowering the water table and reducing

flooding (Mairie de Tevragh-Zeina 2014). However, existing planting schemes within Nouakchott, and

even across northern Africa, have not looked at the possible e↵ect of vegetation on flood risk and the

groundwater table in detail.
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the ‘Great Green Wall’, is an ambitious and partially implemented project to create a ‘wall’ of trees

from the border of Senegal and Mauritania in the west of Africa, all the way across to Ethiopia,

Djibouti and Eritrea in the east (Ngugi 2016) (Fig. 1.4). This project is aimed at combatting “climate

change, drought, famine, conflict and migration” (Great Green Wall n.d.). Additionally, the ‘Nature

à Tevragh-Zeina’ proposal is primarily aimed at creating natural spaces for bird observation within

Nouakchott (Mairie de Tevragh-Zeina 2014). These plans would include planting to utilise flooded

land and allow natural biodiversity to flourish in these areas. Furthermore, the plans highlight, as a

secondary e↵ect, the positive impact that planting could have on lowering the water table and reducing

flooding (Mairie de Tevragh-Zeina 2014). However, existing planting schemes within Nouakchott, and

even across northern Africa, have not looked at the possible e↵ect of vegetation on flood risk and the

groundwater table in detail.
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Take home messages from these three lectures

• L2.1 I can describe the hydrological cycle (but not need to remember the volvume of trasnferred water across 
the globe)

• L2.1 I can remember the volume fractions of saltwater and freshwater as well as the corresponding percentages
• L2.1 I can explain the concept of water renewal and remember three or four time scales for chosen water bodies
• L2.1 I understand why and which human activities affect the water cycle

• L2.2 I can explain the main rainfall-runoff generation processes and link them to groundwater dynamics
• L2.2 I can understand and rember five river attributes and describe their meaning and functions
• L2.2 I can explain why thermal stratification in artificial reservoir can be an environmental issue 
• L2.2 I can remember by heart and explain the lake mass balance equation

• L2.3 I know the difference between Phreatic and Artesian aquifers and remember the three Swiss types
• L2.3 I can explain and remember Darcy’s law and the potential well formulas for the interception and the 

stagnant point downstream
• L2.3 I know how to use (but I don’t need to rememebr by heart) the hydraulic conductivity well equations
• L2.3 I can remember and explain the three protection zones of the Swiss WPA
• L2.3 I can derive the Ghiben-Herzerg model for salt water intrusion


