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Who we are

Prof. Paolo Perona

The Hydraulic Hall of the PL-LCH

Head of the Platform of Hydraulic 
Constructions (PL-LCH)

“We study (via experiments and 
models) water resources engineering 
and hydraulics problems for sustainable 
water use in copying  human and 
environmental needs” …let’s see…



Applied and fundamental research to solve water eng. problems
Experiments with physical models

Real scale

Numerical models

Model

Theoretical models



Outline of the lecture
PART 1: processes and uses (propedeutic)
• Water processes (hydrological, hydraulics, 

transport)
• Water uses

PART 2: impacts and sustainability
• Contribute of water uses to water footprint
• Exemplary research at PL-LCH

(7 examples concerning river 
impoundment, sustainable hydropower, 
irrigation, urban flooding, river restoration 
and carbon storage, transboundary 
conflicts with env. consequences

Max 
biodiversity



PART 1: water processes and uses for 
human and environmental needs



Environmental engineers are involved in 
multiple water aspects…



Irrigation 
and 
drainage 
systems

Rainfall Snowfall

Vegetation and 
soil moistures Surface Runoff

Groundwater

FloodingDams and reservoirs

Hydropower Rivers and vegetation dynamics Aqueducts

Sewer systems 
and water 
treatment

Pipe networks

Embankment 
and protection



Water resources and environmental engineers
PERSPECTIVE: Towards a 
reconciliation between 
engineering, environment and 
society!! 

(Adapted from Hirji et Davis, 2009; Ligget, 2002)

A time for education!

GOAL: to make today civil and 
environmental  engineering 
students interacting with 
several disciplines!! 

A time for 
opportunities

A time of 
construction

A time of 
enlightment

A time of 
reality

A time of new 
challenges

A time of 
quandary

Education is 
clearly one of the 
leading drivers 
and players are 
involved in WREM 
problems at 
different levels of 
engagement 



Hydrological Processes: from rainfall drops 
to streamflow to floods
Related courses:
Hydrology for Engineers (ENV 221)



Water and life: the power of
chances

• Life on Earth is sustained by the
presence of water, whose
existence in his form (e.g., near
the critical point of the phase
diagram)  is guarranteed by the
particular location of our Planet 
in the solar system

• Compared to our „neighbourest“ 
planets (e.g., Venus and Mars), 
Earth is therefore special. 

• Water availability throughout
Earth is driven by the hydrologic
cycle

10

Venus

Mars

Earth



The hydrological cycle
Water volumes transfer across the
globe through transport processes
(advection, convection and diffusion
mainly).

Atmospheric processes make water
distribution spread overall the globe
enhancing either equilibrium or non 
equilibrium processes and local
mass exchanges.

Diseequilibrium conditions are
fundamental to maintain active the
hydrologic cycle



Hydrological processes and water balance

𝑃 − 𝐸𝑇 + 𝐺!" − 𝐺#$% − 𝑄 =
Δ𝑆
Δ𝑡

P mean rate of precipitation
ET mean evapotranspiration rate
Q total stream outflow
Gin total groundwater inflow
Gout total groundwater outflow
S water volume stored in unit area
t time

Continuity equation (mass or volume balance 
over a given time interval)

Learn me!



From rainfall to runoff: three mechanisms 
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P

OF
Infiltration

Fig. 11.2 Illustration of the overland flow
(OF) mechanism as infiltration
excess. The precipitation rate P
exceeds infiltration capacity, and
the water table is at the ground
surface.
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11.2.1 Overland flow

Infiltration excess overland flow
This type of flow occurs when the rainfall rate is larger than the infiltration capacity, so that
there is an excess which runs off over the surface. Although this flow generation concept
is sometimes associated with the name of Horton (1933), it goes back much earlier.
It was already the basis of the well-known rational method, introduced 150 years ago
by Mulvany (1850), and of the various runoff routing procedures subsequently derived
from it by Hawken and Ross (1921) and others (see also Dooge, 1957; 1973). It is also
implicit in the unit hydrograph, as originally proposed by Sherman (1932a; b). In these
and other early studies concerned with maximal rates of runoff in problems of flooding
and erosion, it was assumed that the infiltration rate is smaller than the precipitation rate
over the entire catchment. In the rational method, the infiltration is taken as a fraction
of the precipitation, whereas in the unit hydrograph approach and in Horton’s work,
the infiltration capacity or a related index is subtracted from the precipitation. Thus it
was assumed that the infiltrated water is “lost” and that virtually all stormflow results
from the overland flow of the precipitation excess (see Figure 11.2). In the prediction
of extreme flows for design purposes in disaster situations, this assumption of overland
flow was not unreasonable.

It is now understood that overland flow is not a universally occurring phenomenon,
that in many situations it may not occur at all, and that its prevalence depends on the
nature of the catchment and of the intensity of the precipitation. But it can be expected
to be the main mechanism in catchments with relatively impermeable surfaces, and with
only a thin soil layer; such surfaces cover mostly urban environments, factory and farm
yards and other trampled soil areas, and rocky and stony areas with little or no soil or
vegetation, as seen in arid and desert environments. Thus it occurs most frequently in
areas where people live and work and in denuded arid regions. It can also occur on other
more permeable surfaces, provided the rainfall is sufficiently intense. For instance, in a
study of a 20 ha first-order agricultural catchment with steep slopes in semi-arid Shanxi
(China), Zhu et al. (1997) reported that most storms generate no overland flow. However,
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Overland Flow as infiltration excess.
The precipitation rate, P, exceeds 
infiltration capacity, and the water 
table is at the ground surface
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Infiltration
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LS
Fig. 11.3 Schematic illustration of

the overland flow (OF)
mechanism as saturation
excess: (a) the position of
the water table (WT) prior
to the onset of precipitation
and (b) during the
precipitation event.
The precipitation rate
P is smaller than the
infiltration capacity over
the unsaturated portion of
the land surface; overland
flow takes place where the
water table has risen to the
ground surface.

in 8% of the precipitation events infiltration excess overland flow was the predominant
runoff process; rainfall intensity, rather than rainfall amount, was the decisive factor for
its occurrence, although soil surface crusting also played a role. Occurrence and yield of
overland flow varied spatially on account of the variability of the infiltration capacity.

In general, infiltration excess overland flow appears to be rare in natural basins covered
with a thriving vegetation in more humid climates.

Saturation excess overland flow
This type of surface runoff occurs over land surfaces that are saturated by emerging
subsurface outflow from below and perched water tables, regardless of the intensity
of the rainfall (or snowmelt) (see Figure 11.3). It is a rapid and almost immediate
transport mechanism to the stream channel, for the seepage outflow water and for the
rainwater falling (or snow melting) on such areas. It usually takes place in conjunction
with subsurface flow to the channel, but the relative magnitudes of surface and subsurface
flows into the channel depend largely on the nature of the catchment and the precipitation.
It is most often observed over limited areas in the immediate vicinity of the river channel
where downslope subsurface flows emerge, and in wetlands, where the water table can
rise rapidly to the surface; but it can also occur higher up in slope hollows, where elevation
contours display strong curvature, thus forcing convergence of the flow paths. Outside
of these saturated areas all the precipitation and other input can generally enter the soil
surface.

Downloaded from Cambridge Books Online by IP 128.179.254.19 on Fri Feb 20 18:13:04 GMT 2015.
http://dx.doi.org/10.1017/CBO9780511808470.013

Cambridge Books Online © Cambridge University Press, 2015

Overland Flow as saturation excess. 
(a) The position of the water table 
(WT) prior to the onset of 
precipitation and (b) during the 
precipitation event.

Source: Brutsaert, W. Hydrology, Cambridge

Subsurface storm flow through various 
types of preferential flow paths, pipes 
and macropores. The relative amounts 
of new (dashed arrows) and old (solid 
arrows) water in the mixing process 
depend mainly on the precipitation 
intensity and on the pre-storm soil 
moisture conditions 
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P

SF

Infiltration

Bedrock

Fig. 11.11 Schematic illustration of the
rapid subsurface storm flow
(SF) through various types of
preferential flowpaths,
pipes and macropores. The
relative amounts of new
(dashed arrows) and old water
(solid arrows) in the mixing
process depend mainly on the
precipitation intensity and on
the pre-storm soil moisture
conditions.

(McGlynn et al., 2002) on the basis of a fifth set of hillslope-scale tracer measurements
with bromide at the same catchment. The main conclusion from that study was that it
is not the surface topography, but rather the spatial pattern of the bedrock topography,
with local preferential flow and mobile and immobile regions, conditioned by small
local depressions in the bedrock, which controls the tracer outflow variability; tracer
material and old water may remain trapped temporarily in such depressions and become
mobilized only by a new storm event.

From measurements in a forested Canadian Shield basin in Ontario, Peters et al.
(1995) concluded that preferential flow channels brought the water vertically down,
after which it flowed laterally over the bedrock and that practically all the lateral flow
occurred within a thin weathered zone near the soil–bedrock interface. The conductivity
of this preferential flow layer appeared to be so large that some of the fast flows and
peak runoff were suspected to be of the non-Darcy type. The storm runoff in the channel
consisted of a mixture of event and pre-event water. This was interpreted to show that
the fast infiltration of the event water caused saturated soil conditions above the bedrock,
which in turn resulted in the downhill flow of both event and pre-event water; moreover,
during the hillslope transport, there was ample opportunity for interaction between the
event runoff water and the soil matrix.

In summary, the subsurface stormflow, observed in several of the hillslope experiments
reviewed here, exhibited the common feature of unimpeded entry by new water from
rainfall into the soil, followed immediately by rapid downslope flow through preferential
paths, pipes and other macropores; this flow involved mixing with the old water already
present in the soil profile (see Figure 11.11), to varying degrees depending on the intensity
of the rain and on the initial moisture status of the soil mantle.

Throughflow in a shallow permeable layer
In many catchments covered with natural vegetation the soil mantle has a relatively
permeable top layer consisting of organic debris and mineral soil with high organic
content; typically, this layer has a thickness of only a few tens of centimeters and its
bottom interface is characterized by an abrupt decline in hydraulic conductivity in the
underlying mineral soil. Thus infiltrating rainwater tends to flow and build up along
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Learn me!



Hydrograph components and flood generation

Source: Chadwick and Morfett. Hydraulics in Civ
and Env. engineering, 1993, Chapman & Hall
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−
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Fig. 11.8 The precipitation
and runoff
hydrograph of the
195 mm storm
event on the
catchment shown
in Figure 11.7.
(From Tanaka
et al., 1981.)

system; this consists of a macropore domain, which provides rapid subsurface flow that
is not in equilibrium with the soil matrix, and of a matrix domain, in which the trans-
port is very slow and in which evaporative processes cause major water losses and
increased salinity (see Figure 11.9). Variations in the ratio of old to new water in the
runoff were seen to depend mainly on the size of the precipitation event; macropores can
conduct the flow directly or they may also feed shallow perched saturated zones overly-
ing low permeability bedrock. Whenever the entire profile is fully saturated, as during
snowmelt episodes, the two domains are connected, and large subsurface flow rates are
produced.

In the above studies it was shown how subsurface flow through macropores and other
preferential flow paths can play a major role in storm runoff generation. However, the
specific interpretations of the measurements, especially on the relative roles of old and
new water in this process, differed somewhat, and in some cases they were contradictory.
Although this is largely the result of the wide variety in catchments that were being
studied, it is no doubt also related to the differences in experimental techniques used
in these studies. This was brought out, for example, in the long-term observations,
carried out on the steep mixed evergreen forest catchments (1.63–8.26 ha) in a humid
climate (2600 mm y−1) at Maimai in New Zealand; a succession of detailed studies has
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Precipitation and runoff hydrograph of the event on 
the catchment aside

Typical question:
How do we model streamflow response (e.g., for 
flooding prevention)?hyetograph

hydrograph

Flood peak



Hydraulic Processes: free surface vs pressure 
flow and the beauty of fluid mechanics

Related courses:
- Fluid Mechanics (ENG 272)
- Hydraulic structures and schemes (CIVIL 312)



How does water move
Unconfined boundaries
“free-surface flow”

In confined boundaries, e.g. pipes we 
speak of  “pressure flow”, easier to treat 
than free-surface flow, but also showing 
interesting shock phenomena (e.g., water 
hammer)

The motion of a fluid continuoum is 
mathematically described by the 
Navier-Stokes equations (1822-42), 
which are amongs the most difficult 
equations in physics (highly non-linear)

N-S also describes the famous 
Bernoulli theorem: along a fluid 
trajectory if pressure increases, then 
velocity decreases and viceversa

Learn me!



Laminar vs turbulent regime

Osborne Reynolds experience (1883) to demonstrate 
laminar to turbulent transition in pipe flow

Key parameter: Reynolds number

𝑅𝑒 =
𝜚𝑈𝐿
𝜇

𝜌= fluid density [kg m-3]

𝜇 = dynamic viscosity [kg m-1 s-1]

U = mean flow velocity [m s-1] 

L = characteristic length scale [m] in 
relation to U. For pipes L=Diameter

Re < 2000 à Laminar flow is stable
Re > 2000 à Laminar flow is unstable 
(degenerates into turbulence, Re>4000)

Learn me!

Re < 2300, viscosity dominates 

Re > 3000, inertia dominates 

Re ≈ 2000 



Interaction with particles
Falling particles (Stokes law)

In the Stokes’s regime, 
Cd= 24/Rep= 24μ/(ρfdpvt)

vt =
g(ρ − ρ f )dp

2

18µ

Movement and transport of particles 
(Shields and Bagnold laws)

flowing water
suspended load
transported in 
suspension

bed load
transported in 
contact with the 
stream bed (by 
saltating, rolling)

The shear stress 𝜏! acting on the particles must exceed a critical value 
𝜏" for particles to begin moving (incipient motion, bed load). This can 
be represented in a dimensionless plot 𝜏∗ = 𝑓(𝑅𝑒$)  [Shields]

𝜏∗ =
𝜏!

𝜌% − 𝜌 𝑔𝑑 = 𝑓(𝑅𝑒$)Learn me!

vt

Falling 
velocity



River mechanics and morphodynamics

Lane’s equation (non physical!):

SQdQ ss =



Mixing processes: molecular vs turbulent 
mixing
Related courses:
- Environmental Trasport Phenomena (ENV 420)
-



Advection plus diffusion

Liquid in liquid
Solid in liquid

Gas in liquid

Gas in gas (e.g. air)



Diffusion (molecular)

Molecular diffusion is a transport process driven by 
the random motion of particles from regions with 
higher towards lower density regions

Because the motion is due to molecular agitation, 
it is a very slow process

Important parameters: molecular Diffusion coefficient, Dm [m2/s]

It depends on the phase, temperature and size of 
molecules

Solutes in water Dm ≈ 2·10-9 m2/s
Dispersed gases Dm ≈ 2·10-5 m2/s

Diffusive length scale 
𝐿 ∝ 𝐷&𝑡

Diffusion + advection velocity (U) à advection-diffusion

Control parameter (Péclet number): Pe=1!
2"3

>1 diffusion dominates
<1 advection dominates

Learn me!



Turbulent diffusion (turbulent mixing)

Turbulent fluctuations of particles accelerates the diffusion 
process, in which case we speak of turbulent diffusion. The 
turbulent diffusion coefficient, Dt

Dt>>Dm

Diffusive Length scales becomes then 𝐿 ∝ 𝐷'𝑡 

By adding non-uniform advection we 
obtain a process called dispersion by 
shear, very relevant to mixing in river flow

The sum of advection plus turbulent diffusion 
produces advection-diffusion (turbulent)



Water uses
Related courses:
- Water Resources Engineering and Management (CIVIL 
466)
- Irrigation and drainage engineeering (ENV-549)
- Hydraulic structures and schemes (CIVIL 312)
- Water and wastewater treatment (ENV-405)
- Groundwater and soil remediation (ENV-504)
- Analyse des polluants dans l'environnement (ENV-300)



Definition of water uses: consumptive and non-consumptive

• Consumptive water use: any use of water which
may change its quality or availability to next users, 
e.g. return flow coefficient <1 (e.g., urban water, 
industrial water, irrigation, hydropower with
diversion*, etc.)

• Non Consumptive water use: any use of water
which preserves quality and availability, e.g., return
flow coefficient = 1 (e.g., hydropower run-of-river, 
flood protection, environmental uses, recreational
uses, etc.) 

*The case of hydropower is peculiar as it changes return flow coef only 
locally, i.e. within the impounded reach



Water uses affecting the water cycle

• Dams and reservoirs
• Irrigation diversions and drainage 

returns
• Potable water supply
• Wastewater treatment (controversial)
• Changes in land use
• Flood mitigation
• Changes in climate conditions
• Domestic use (pollution)
• Agricultural use (use and pollution)
• Industrial (use and pollution)

Courtesy of Dr. A. Semiao, The University of Edinburgh

Consumptive Non-consumptive



PART 2: Environmnetal impact following 
water use Related courses:

- Sustainability (ENV-101)
- Water Resources Engineering and Management (CIVIL 
466)
- Irrigation and drainage engineeering (ENV-549)
- Hydraulic structures and schemes (CIVIL 312)
- Water and wastewater treatment (ENV-405)
- Groundwater and soil remediation (ENV-504)
- Analyse des polluants dans l'environnement (ENV-300



Water availability on Earth: why to worry?

• Total water is the amount
of all forms of water
some of which are not 
accessible at all

• Renewable water is the
amount that is being
renewed either annually
or along longer durations

• Available water is the
amount that humans can
access and use for their
consumpion

Only 0.0075% of 
the total water is 
directly accessible

Learn me!



The colors of water: natural cycle
Blue water (rivers, lakes, 
glaciers, etc.)

Green water (forests, soil 
moisture, cultures, etc.)

Grey water(domestic use, 
commercial, industrial, etc.)Freshwater stock

(atmosphere)

Precips

Blue 
water

Green 
water

Environment,
ecosphere

Re
ne

w
al

 p
ro

ce
ss



The colors of water: anthropic influence on water cycle
Blue water (rivers, lakes, 
glaciers, etc.)

Green water (forests, soil 
moisture, cultures, etc.)

Grey water(domestic use, 
commercial, industrial, etc.)

Water footprint:

The amount of 
blue, green and 
grey water used 
for a certain 
product/action



Anthropic influence on water cycle (water uses)
Freshwater stock

(atmosphere)

Precips

Blue 
water

Green 
water

Environment,
ecosphere

Re
ne

w
al

 p
ro

ce
ss

The anthropic use of water reduces 
its quality and transforms it into 
Grey water

Grey water needs to be treated 
before it can be returned to the 
environment and this requires 
time and energy

Grey water formally represents a 
reduction of directly available 
water in terms of quantity and 
qualityGrey 

water

Water 
treatment

Required

?

Not all grey water is treated and 
when it returns to the environment 
it pollutes it (e.g. leakege of 
chemicals from agricultural soil)



Type of impact
Use of the resource Environmental impacts

Physical impact: e.g., diverting water from a 
water course reduces its quantity downstream, 
alters sediment transport, etc.

Chemical impact: e.g., the use of 
water changes its quality because of 
chemical, physical, biological pollution

Biological impact: pathogens proliferation 
and spreading by vectors into water-borne 
diseases (malaria, onchocerciasis, 
Schistosomiasis)



Contribute of different water uses to water footprint



Urbanisation and land use/change

Freshwater stock
(atmosphere)

Precips

Blue 
water

Green 
water

Environment,
ecosphere

Re
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ss

Grey water

Urbanisation/land use change

Water 
treatment

Required

Permeable surfaces 
retain water (still 
green water if soil is 
non contaminated)

Sponge city 
concept

+ permeable area
+ green water
- grey water



Effects of major water uses

Grey water

Urbanisation/land use change

Freshwater stock
(atmosphere)

Precips

Blue 
water

Green 
water

Environment,
ecosphere

Water uses

Re
ne

w
al

 p
ro

ce
ss

Water 
treatment

Others

Energy

Domestic / 
industrial

Irrigation



Demand vs availability: water stress distribution worldwide

SOURCE: Vörösmarty et al. (2000) Science 289:284-288

DIA=Domestic + Industrial + Agricultural uses

Q = River discharge for a given basin

A ratio DIA/Q=0.4 is considered as a threshold for water stress 
(use of 40% of directly available water)

The estimate done in the year 2000 for 25 years ahead (today) 
suggested that population increase would impact water stress more 
than climatic changes. Unfortunately both are worst than predicted



Status of free-flowing rivers in the world (water quantity impact)

Source:Grill, G., Lehner, B., Thieme, M. et al. Mapping the world’s free-flowing rivers. Nature 569, 215–221 (2019).© 

https://doi.org/10.1038/s41586-019-1111-9


Leakage of solide municipal wastes (water quality impact)

Carte des fuites potentielles de déchets municipaux solides 
(Municipal Solid Waste MSW) dans les rivières en 2020

Gómez-Sanabria, A., Lindl, F. The crucial role of circular waste management systems in cutting waste leakage into aquatic environments. Nat Commun 15, 5443 (2024), CC-BY 4.0.

https://doi.org/10.1038/s41467-024-49555-9


Sustainable Water Resources Management
Today WRM‘ policies imply dealing with complex problems

This may imply dealing with deep conflicts

WR manager requires skills well beyond technical training (e.g., 
pure engineering, science, management, or law)

WR manager must be able to communicate, cooperate in teams, 
speak other languages, work with other cultures, understand
environmental problems and resolve conflicts via cooperation

The goal is to reduce compromising the available water for future
generations (sustainability)

|

Key characteristics of the SOR4D 
programme

SOR4D Information meeting, 24.3.2022 3
|

Key characteristics of the SOR4D 
programme

SOR4D Information meeting, 24.3.2022 3



Exemplary research activites at the PL-LCH



River catchment scale

MIGOUELOU DAM, France UPPER BHAVANI DAM, 
India

Water resource availability

In a time when hydropower development for many countries (included Switzerland) is affected
by the low feasible potential still available and the imminent renewal of concessions for water
exploitation for existing power plants, then claiming an increase of environmental flows may
appear questionable. This is particularly true considering that environmental flow releases (efr)
based on the minimal flow policy have been shown to be of low utility for preserving the river-
ine ecosystem (Poff et al. 2007). Some authors (Pfamatter & Semadeni 2018) have for example
demonstrated that the renewal of concessions strictly applying new foreseen efr rules in Switzer-
land might contrast with the 2050 strategy of energy production. This opens the question on
whether actual efr should instead not be valorized, for example by redistributing the released
water in a dynamic way so as to regain part of the natural variability of the flow regime.

Perona et al. (2013) and Gorla & Perona (2013) have proposed dynamic flow releases to redis-
tribute the fraction of flow exceeding the Q347 (prescribed by the Swiss law as the basis for
negotiation, e.g. see Assemblée fédérale de la conféderation Suisse 1991) as a way to restore part
of the original natural variability. This would have the effect of increasing the value of the actual
minimal flow policies without the need of augmenting them in magnitude. Other authors have
tested such considerations on a family of infinite flow redistribution rules and showed the exis-
tence of more ecologically efficient policies allowing to guarantee the same energy production
(Razurel et al. 2015, Razurel et al. 2018, Niayifar & Perona 2017). Figure 1 shows for example
the Pareto frontier arising from thousands of non-proportional redistribution rules, some of which
clearly define a set of efficient (sensu Pareto) solutions (red borderline). Hence, several explored
power plants typically show to perform below the frontier, thus leaving space for improvement
both ecologically and in productivity. Such improvement require to generate one of the redistri-
bution policy lying on the Pareto front (e.g., NP1-NP3), and do so at zero operational costs (e.g.,
without steering hydraulic gates). This challenge can be achieved by adopting hydrodynamic-
based solutions like the one we show in this work or other proposed by Gorla & Perona (2013)
and by Bernhard & Perona (2017).

We propose to investigate the performances of several intake rack geometries with asymmetric
profiles as a way to generate non-proportional flow redistribution rule at zero operational costs.
Our approach is based on developing a 1D analytical modelling framework and then compare
some of the leading quantities with the results of a CFD model for the same geometry.

Energy production
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But how to 
regulate?

Figure 1. Example of Pareto frontier resulting from the implementation of non-proportional allocation
policies (gray and rosa dots) in comparison with a 10% the minimal flow policies with 1 (MFR1) and two
(MFR2) thresholds. Three exemplary efficient (sensu Pareto) solutions are shown corresponding to the three
non-proportional allocation functions NP1, NP2, NP3 shown in the uppermost right panel. The challenge
is to implement such non-proportional allocations at zero-energy operational costs.

Sustainable blue
water allocation

Hydropeaking vs
thermopeaking

GOAL: Pursuing a sustainable use of the 
freshwater resource to reconcliate anthropic 
and environmental uses

River habitats modelling/restoration

Lake sedimentation and management

Sediment budget
and connectivity

Q3(t)

Zero-energy
hydrodynamic
based solutions

2 ANALYTICAL MODEL

We consider the case of a stream of breadth b and falling freely into a trench through a metallic
rack of assigned texture (Fig 2). The fraction of water fT captured by the trench of longitudinal
aperture length l(y) and varying with the transversal coordinate y, is diverted to a generic water
use (e.g., hydropower). The difference fenv = 1�fT keeps flowing downstream and represents the
residual environmental flow. This scheme is thus general and suitable to represent water intakes
serving, for example, a reservoir or a small hydropower plant, or any other water use withdrawing
water from the main channel through a simple diversion node. Therefore, the incoming natural
flow discharge I(t), the total flow going to the water use, QT and the residual environmental flow
Qenv are related via the continuity relationships I(t) = QT +Qenv. We derive now the analytical
steps that describe the amount of flow per unit width qT captured by a trench of longitudinal length
l(y) under the assumption that the stream form a free falling jet, normally referred to as ”end
overfall” in the hydraulic literature (Hager 2010). The height difference between the beginning
and the end of the trench divided by the maximum aperture length, L defines the slope angle of
the rack covering the trench.

qenv

x

qT

qI

x

y
z

l(y)
b

Figure 2. General scheme for the problem being considered in both a 3D and cross section representations.
h0 is the stream depth in normal flow conditions, he the depth at the beginning of the overfall representing
the water intake, h1 the width of the jet far from end overfall. S0 represents the slope of the river, and �t

the height difference between the beginning and end of water intake. qI is the incoming specific discharge,
qenv the fraction of flow that remains to the environment and qT the fraction that falls into the intake.

Given a maximum flow per specific width, qI = I/b, there is a critical length lc1(y) of the
trench that allows to capture the whole jet. For l < lc1 only part of the jet falls into the water
intake whereas the difference remains to the river beyond the intake. In order to proceed, we first
derive the expression linking qI and lc1. Notice, that when the rack has a slope higher than the
riverbed slope, then there is a second critical length, lc2(y) for which all the jet ”jumps” the trench
and will not be intercepted by the intake.

Consider the scheme of Figure 2, under the assumptions of a wide riverbed channel with
slope, S0, homogeneous Manning’s roughness, n, the stream for x < 0 flows under normal flow
conditions and has a water depth h0 given by the Manning’s equation (e.g., see Julien (2018))
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1. Thermregulation, loss of 
seasonal variability due to 
thermal stratification

Example 1: Impact of river impoundment and regulation 
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In addition, geomorphological and sediment data, data on the hydrostratigraphy of the alluvium, mapping of 
riverine vegetation by aerial photography and remote sensing, data from tracer experiments to verify river-
aquifer exchange will be collected within the project by the applicant and collaborators. These activities are 
listed under Section 2.3.7. 

Analyses of hydropower system operation 
The hydropower system in the Maggia Basin is operated by Le Officine Idroellettriche della Maggia SA 
(OFIMA), the largest hydropower utility in the Canton Ticino. The complicated network is illustrated in Figure 
6 and was constructed in two phases starting in the 1950s. At the power station at Cavergno near Bignasco the 
upper Maggia River and the Bavona River are connected by a series of tunnels, canals and reservoirs. The 
average annual flow through the power station here is 333 (106) m3/year (distributed equally in the winter and 
summer season). This water is not returned to the Maggia River downstream, but is routed through the canal 
system downstream to Verbano. This canal system also captures streamflow from lateral tributaries to the 
Maggia River, and as result impacts the spatial distribution of streamflow in the Maggia Valley riverine corridor 
(see Figure 6). 

The total amount of diverted water at Cavergno is substantial, it represents 64% of the average annual discharge 
in the Maggia River downstream of Bignasco prior to regulation. The construction of the hydropower system 
also strongly affects the natural variability in streamflow, most notably in the low flow regime (see Impacts 
Module in Section 2.3.6). The operating rules of the system, in particular regarding the minimum flow 
requirements for the Maggia River downstream of Bignasco will be investigated in this task in collaboration 
with OFIMA.  
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Figure 6. The Maggia hydropower system 
network run by OFIMA contains 8 reservoirs, 
6 power stations, and 140 km of canals and 
tunnels. The systems drains an area of 750 
km2, with a maximum head of 2200 metres. 
The installed capacity is 600 MW and the total 
energy production averages 1265 GWh per 
year (Data taken from OFIMA sources). 

Analyses of the river-aquifer exchange flux 
The focus of the proposed project is on the river-aquifer exchange flux, as it is the coupling process between the 
surface and subsurface hydrologic systems. In the Maggia Valley, the transient nature and interconnection of 
river and groundwater flows is exceptionally strong. To stress this point, two examples are shown here. 

The first is a location near Moghegno, downstream of the braided study reach (see Figure 5 for location). Here 
water tables were recorded in three piezometers on a weekly basis in the period 1971-1973. Figure 7 shows that 
rapid water table increases correspond well with high flow conditions in the stream. The transient nature of both 
streamflow and groundwater flow is well documented. 

In terms of the river-aquifer exchange flux shown by Equation (1), the gradient in piezometric head determines 
the direction of flow (in the isotropic case). This difference in piezometric head for the three wells is shown in 
Figure 8. Several interesting issues emerge here. First is that the direction of flow is on the average away from 
the stream. Especially during low flow conditions, the stream appears to recharge the aquifer. It is likely that 

Other impacts

3. Methanogenesis

2. Hydropeaking and thermopeaking 
due to turbine operations

Reduction of sediment 
connectivity, river 
morphodynamics, biodiversity 
(aquatic and terrestrial)

Q
 [m

3 /s
]

Perona et al., WRR, 2009



By 2050: 
- ∼25 TWh re-concessioned
- effect on global production
- Target 2050 and beyond?
(Pfamatter and Semadeni-Wiki, 2018)

Example 2: Sustainable hydropower

Gilboa, Israel (courtesy of CarpiTech)

Use of membranes in pressure tunnes to increase 
hydropower efficiency (reduction of leakage, friction 
losses), see Vorlet, EPFL PhD thesis 2025

2 ANALYTICAL MODEL

We consider the case of a stream of breadth b and falling freely into a trench through a metallic
rack of assigned texture (Fig 2). The fraction of water fT captured by the trench of longitudinal
aperture length l(y) and varying with the transversal coordinate y, is diverted to a generic water
use (e.g., hydropower). The difference fenv = 1�fT keeps flowing downstream and represents the
residual environmental flow. This scheme is thus general and suitable to represent water intakes
serving, for example, a reservoir or a small hydropower plant, or any other water use withdrawing
water from the main channel through a simple diversion node. Therefore, the incoming natural
flow discharge I(t), the total flow going to the water use, QT and the residual environmental flow
Qenv are related via the continuity relationships I(t) = QT +Qenv. We derive now the analytical
steps that describe the amount of flow per unit width qT captured by a trench of longitudinal length
l(y) under the assumption that the stream form a free falling jet, normally referred to as ”end
overfall” in the hydraulic literature (Hager 2010). The height difference between the beginning
and the end of the trench divided by the maximum aperture length, L defines the slope angle of
the rack covering the trench.

qenv

x

qT

qI

x

y
z

l(y)
b

Figure 2. General scheme for the problem being considered in both a 3D and cross section representations.
h0 is the stream depth in normal flow conditions, he the depth at the beginning of the overfall representing
the water intake, h1 the width of the jet far from end overfall. S0 represents the slope of the river, and �t

the height difference between the beginning and end of water intake. qI is the incoming specific discharge,
qenv the fraction of flow that remains to the environment and qT the fraction that falls into the intake.

Given a maximum flow per specific width, qI = I/b, there is a critical length lc1(y) of the
trench that allows to capture the whole jet. For l < lc1 only part of the jet falls into the water
intake whereas the difference remains to the river beyond the intake. In order to proceed, we first
derive the expression linking qI and lc1. Notice, that when the rack has a slope higher than the
riverbed slope, then there is a second critical length, lc2(y) for which all the jet ”jumps” the trench
and will not be intercepted by the intake.

Consider the scheme of Figure 2, under the assumptions of a wide riverbed channel with
slope, S0, homogeneous Manning’s roughness, n, the stream for x < 0 flows under normal flow
conditions and has a water depth h0 given by the Manning’s equation (e.g., see Julien (2018))

h0 =

✓
nqp
S0

◆ 3
5

(1)

.

Static env. Flows are 
responsible for river 
biodiversity reduction

Dynamic Environmental 
Flows

Nature-based solutions

Membranes deforms under the action of the flow and 
may break (cyclical mechanical fatigue), detach, and be 
transported to the turbines. Catastrophic damage!

Martel et al., 2023



Example 3: Urbanisation and land use/change (sponge city concept) 

Which reservoir size, which 
water policy use? Which runoff 
coefficient?

https://water-portal.epfl.ch

Failure rate FR is a function of 
Tank volume for different roof 
interception fraction (water to 

the tank) Ft

Andersson et al., in 
prepar.

Paris – Gare 
de Lyon

Atlas de Paris project

https://water-portal.epfl.ch/


Example 4: sustainable irrigation in Burkina Faso
Irrigation global efficiency is the ratio between net plant 
water need, Bn and the effectively provided one, B (i.e., 
including loss compensations 

𝐸 = 5𝐵(
𝐵

Example: wireless sensor network system 

The experiments revealed cultural problems in accepting 
the scientific method: tanks were operated when receiving 
the opening signal, but not closed anymore for the fear of 
providing too less water

In locations where it worked an effective higher efficiency 
was measured, particularly if provided considering evolving 
thresholds (see Müller et al., Agric. Wat. Manag, 2016)



Example 5: flooding due to saturation excess in Mauritania

Nouakchott city today = 200km2, 
 1.4 M inhabitants

No sewers à more infiltration à GW rise

2010

180 106 l/d

Rainfallà saturation-excess flooding



Detection of water ponding 
GW based Supervised Classif.

GW

SC

Increase in groundwater levels in Nouakchott between 0.04 m 
and 0.44 m during the wet seasons produce 10% sparse 
flooding (i.e. about 20 km2)



Afforestation as a sustainable solution
No topog. gradients à no trad. drainage Afforestation might work !!
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3. Une solution basée sur la nature pour renforcer la 
résilience des villes côtières du Sud global face aux 
inondations et produire de multiples avantages 

Cette section est issue de l’article de Dubois et al. (2024), publié dans le journal Science of the Total 

Environnement intitulé : « Nature-based solution enhances resilience to flooding and catalyzes multi-

benefits in coastal cities in the Global South » (les solutions fondées sur la nature améliorent la résilience 

des villes côtières du Sud Global aux inondations). Les principaux points à retenir de cet article sont 

(Fig. 3-1) : 

• Programmes de plantation d'arbres comme solution fondée sur la nature pour atténuer les 
inondations par remontée de nappe 

• Les programmes de plantation d'arbres sont particulièrement prometteurs pour les villes 

côtières du Sud Global. 

• Les programmes de plantation d'arbres offrent des co-bénéfices environnementaux, 
économiques et sociaux. 

• L’adhésion social aux programmes de plantation est essentielle pour une mise en œuvre 

réussie à long terme. 

 
Fig. 3-1. Résumé graphique de l’article de Dubois et al. (2014). 

3.1. Résumé de la section 

Les villes côtières sont confrontées à une augmentation des niveaux des nappes phréatiques induite 

par la montée du niveau de la mer, provoquant ainsi des inondations par remontée de nappe lorsque 
les niveaux des eaux souterraines atteignent la surface topographique ou réduisent la capacité de 

stockage du sol, exerçant ainsi une pression sur les infrastructures existantes. Abaisser les niveaux des 

nappes d’eau souterraine, nappes phréatiques, est une priorité pour soutenir la viabilité à long terme 

des villes côtières. En l'absence d'études évaluant la possibilité d'utiliser la plantation d'arbres comme 

mesure pour atténuer les inondations par remontée de nappe dans le contexte de l'élévation des nappes 

phréatiques, l’aspect multi-bénéfices des programmes de plantation d'arbres en tant que solutions 

durables fondées sur la nature dans les villes côtières du Sud global est discutée. Dans les 

Dubois et al., 2024

Tree-planting as a nature-based solution for urban 
flooding in Nouakchott City, Mauritania

Emmanuel Dubois1, Montana Marshall1, Fatimetou Boukhreiss2, 
Saleck Ahmed Cherif2, Grégoire Mariéthoz3, Charlotte Grossiord4, 

Paolo Perona1
1 Platform of Hydraulic Constructions (PL-LCH), Swiss Federal Institute of Technology in Lausanne (EPFL); 2 Région de Nouakchott [Nouakchott 

city hall]; 3 Institute of Earth Surface Dynamics (IDYST), University of Lausanne (UNIL); 4 Plant Ecology Research Laboratory (PERL), Swiss 
Federal Institute of Technology in Lausanne (EPFL)

emmanuel.dubois@epfl.ch
1. Introduction

Figure 2. Diagram of the functionality of trees as a nature-based solution to increase urban resiliency to groundwater-induced flooding.

2. Strengths-Weaknesses-Opportunities-Threats (SWOT) analysis

Context:
Despite its hot desert climate, the coastal city of Nouakchott, Mauritania (Fig. 1a),
experiences persistent flooding due to anthropogenic impacts, which causes damage
to urban infrastructure and health issues (Fig. 1b to d).
Furthermore, in a global warming context, coastal cities in low-lying elevations are at
risk of flooding, including groundwater-induced flooding (Rotzoll and Fletcher, 2013)
Questions:
• How can tree-planting programs represent a sustainable solution for city planning

in regard to the rise of groundwater levels?
Hypotheses:
• Salt-tolerant tree species transpire year round and thus uptake groundwater
• Tree water uptakes can be enough to have a local impact on groundwater levels
• The multi-benefits of planting trees in urban environment make this nature-based

solution highly beneficial for the entire urban environment
Goals:
➔ Using Nouakchott’s case to extend the framework to assess (and implement)
similar nature-based solutions to other cities in the Global South.

Figure 1. (a) Nouakchott City and (b to d) permanent flooding in various neighborhoods of Nouakchott.

(a)
(b)

(c)

(d)

Website for 
the project:

Strengths
• Water availability
• Native species
• Rainfall interception
• Transdisciplinary approach

Weaknesses
• Partial solution and needed area
• Water quality
• Time scale
• Invasive species

Threats
• Vulnerability and urban planning
• Social acceptance
• Top-bottom initiative
• Long-term maintenance

Opportunities
• Environmental benefits
• Economic benefits
• Social benefits
• Implementation
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To quantify the impact of tree-planting scenarios, the
following data needs to be acquired:
• Climate data: succession of wet-dry periods; last

decade = relatively dry (Fig. 3a)
• Local trees and transpiration dynamics: five tree

species selected for the project with in-situ
transpiration measurement using sap flow meters
(Fig. 3b, 4).

• Groundwater dynamics: sea intrusion, local
artificial groundwater recharge (Mohamed et al.,
2017) ➔ See poster P13.31 from Simonnot et al.
for groundwater modelling

• Ponding: comparison of the monthly piezometric
maps in pseudo-steady state to the DEM and
identification of the average flooded area➔ 4 km2

(3% of the area covered) all year long and 8 km2

(6% of the area) at the end of the rain season
(Fig. 3c).
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3. Required data

Figure 4. Main salt-tolerant tree species found in the city (a) Azadirachta indica, (b) Casuarina equisetifolia, 
(c) Eucalyptus camaldulensis, (d) Phoenix dactylifera, and (e) Tamarix aphylla.

(c) (d) (e)(a) (b)

Figure 5. Flowchart of the framework from the conceptualization to the implementation of a tree-
planting program as a nature-based solution to increase urban resiliency to groundwater-

induced flooding.

Figure 3. (a) Annual precipitation for the 1931-2021 period, (b) measured tree transpiration and sap velocity for five tree species in Nouakchott City, and 
(c) flooded area in pseudo steady-state.

(c)(a) (b)

Transdisciplinary team formed of researchers and
local stakeholders to conduct the design and
implementation of the solution (Fig. 5).

4. Generalization of the framework

Plant transpiration can induce up to 60-70 cm of GW decrease

Dubois et al, STOTEN 2024

EIRA 
project



Example 6: Lake Turkana (Kenya) transboundary water conflict
FIGURE 1

Figure 1: The study area showing the location of lake Turkana in Africa, as well as the character-

istic branching structure of the River Omo delta (left panel).
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FIGURE 2

Figure 2: Panel a) shows the Omo River catchment and the location of the Gibe I, Gibe II, and

Gibe III dams. The panel also includes the location of the future dams Gibe IV and Gibe V that

will complete the hydroelectric development of the catchment (adapted from Avery (2012)). Panel

b) depicts the water level in lake Turkana computed from a combination of the satellite altimetry

data collected by the TOPEX, Poseidon, and Jason satellite series (1,2 and 3). Data are provided

by USDA. Panel c) shows the natural flow in the Omo River and flow after the Gibe III dam was

built.
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Sediment impondment causes reduced delta activity
FIGURE 3

Figure 3: Satellite-derived true colour composites showing the historical sequence of the evolution

of the study area over the Omo river delta.
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Zen, Perona, Medina-Lopez, Geomorphology, 2023



Further use for irrigation might threaten lake’s existence

(°)

(°)

Depth(
m)

Depending on the level of extraction, a shrink of up to 80 km width 
might occur over a time horizon of 50 years, with possible lake splitting 
for extraction levels of 64% 

Delft 3D numerical model of lake 
hydrodynamics and water balance

splitting



Example 7. River restoration and vegetation survival

The first instability occurring after restoration is 
alternate sediment bar formation, which migrate to 
form point bar and then trig outer bank erosion.

This morphology may reactivate river ecological 
processes thanks to increasing connectivity.

Careful! River width changes impliy bed slope changes!

Schirmer et al., HESS, 2014
River bars may vegetate according to opportunity windows

Root length [m]

Drag [N]

Root 
resistance 
[N]

X

X

Areal Vegetation Index depends on coeff. of variability of discharges 

Bau et al, JGR 2019

Bertagni et al., PNAS 2018



Example 8: Plant removal by flow erosion helps storing carbon

Dams reduce 
longitudinal 
connectivity and 
river discharge 
thus freezing 
morphodyamic 
carbon storage 
processes
(up to 9 MT/year)


