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1. The Water Cycle
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1. The Water Cycle

For an agronomist at daily scale
Aw=P-E-Q

CLOUDS and WATER VAPOR

For a hydrogeologist at annual scale
|I=P-E-Ro

Ny

At global scale and decadal time scale
P=E




1. The global Water Cycle: composition

Flux

Groundwater .

12,600
km? yr”

AP =» Focus on atmospheric
km? yr! water: precipitation and
evaporation

Surface water

16,000

Soil water

km?® yr™!

Atmospheric 557,000
water km? yr’

Aeschbach-Hertig & Gleeson, Nature Geoscience, 2012



1. The global Water Cycle: composition

Flux Storage

Groundwater .

12,600
km? yr”

11,000,000 km?®
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Surface water . .
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Soil water 3 1 o
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Atmospheric 557,000
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water km? yr’
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Aeschbach-Hertig & Gleeson, Nature Geoscience, 2012



1. Water and energy budgets

Water balance :

Energy budget : Rsol (1-a)+ ¢(Ratm -c T*) = H + LJE\+G

Aw=P-Q-E
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INTEGRATING THE IMPACT OF THE GROUNDWATER AND
ANTHROPOGENIC EFFECT AT THE BASIN SCALE

1. Some general patterns on the water cycle
2. Zoom on the main processes
3. Impact of human activities



2. Water cycle: back to processes

Focus on the soil-vegetation interface

Atmosphere

1. Atmosphere

2. Soil -Vegetation 3. Rivers - Lakes

Fan et al., 2007

4. Groundwater

Subsurface



2. Water cycle: back to processes

Focus on the soil-vegetation interface

Atmosphere

1. Atmosphere

2. Soil -Vegetation (3 Rivers - Lakes
A

Fan et al., 2007

V 4. Groundwater

Subsurface

1. Precipitation

2. Evapotranspiration
3. Infiltration

4. Surface runoff



2. Water cycle: back to processes

1. Precipitation:
liquid and solid partition has a strong impact on water balance

T‘\\\.T->\\\5” Snowfall implies:
"« Time delay between fall and
runoff
* Modification of the energy
budget by modifying the
albedo

* Prevent evaporation loss



2. Water cycle: back to processes

1. Precipitation:
liquid and solid partition has a strong impact on water balance

Hydrologic regime are associated to snowfall

Rainfall
regime

Snowfall ™/
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2. Water cycle: back to processes

2. Evapotranspiration: dominant water flux over continent

Evapotranspiration=
Transpiration+Interception+Bare soil evaporation
+Sublimation

Solar Radiation !

Wind !‘\)
— |

Sensitivity to the major atmospheric variables:

; Tempera&nre‘! 4 ;
)

Humidityi Wind LWL*H

Temperature L /"1 H
Incoming Radiations (=7 —H
Air Humidity 1 \\ 'H
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2. Water cycle: back to processes

2. Evapotranspiration: dominant water flux over continent

Evaporatranspiration=
Transpiration+Interception+Bare soil evaporation
+Sublimation

Focus on transpiration: connexion with C, N, P cycles...
Sensitivity to other variables:

light energy L AI Li / 1 | H

oxygen

Soil moisture Ll /1"1 ‘H

COZ | \ |H

] /// iy Y
ORYUIEICS k carbon dioxide

light energy
carbon dioxide + water ————> carbohydrates + oxygen

© CO2CRC
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2. Water cycle: back to processes

3. Infiltration
4. Surface runoff

Surface Runoff and Infiltration can occur on the same time

Relationship Between Rainfall Intensity,

(/9T LA

Infiltration, and Runoff

| { iy |
\ AN .
¢ ! ' ,I Intense rainfall I
Wi T J

©The COMET Progran
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2. Water cycle: back to processes
3. Infiltration

4. Surface runoff

Erhe COMET Program
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2. Water cycle: back to processes
3. Infiltration

Sensitive to:
. . . i |) | H
s el Percotation for Rainfall intensity L——="
Sandy Loam vs. Clay Loam : .
Rain il 'ggn Soil porosity L%H

Simulated using Richards equation
or some simplifications :
Green & Ampt (1911) = Infiltration front

16
Erhe COMET Program



2. Water cycle: back to processes
3. Infiltration

Infiltration to groundwater can decrease flood intensity
Example in the Seine Basin

SEINE at Paris — Flood of december 1999
e T

3000 _ _._ Observed discharge i & 8
_ ——  Stmulated discharge / o
(> V= < . .
2900 [ wusen Discharge without storage /-' o
2000
—
7
«> 1500
=
e
e
1000t
500
8 9 10111213141516171819202122232425262728293031 1 2 3 4 § 6 7 8 9 10
December January
1999 2000

Rousset et al., 2004 17



2. Water cycle: back to processes
4, Surface runoff

Two types of surface runoff:

Infiltration Saturation
excess excess
overland overland
flow flow

- et T
" . ~ . A r's » .":

LAY b ~‘ & AT

® aw SN SR
S h N e O
d' L I }b S > -t .:
B . . taTas .
. ; -~ - i . A
- g g Saturated_soil i x
L o A - h
Note: Enlarged soil particles are not drawn to scale. ©1he COMET Program

Sensitive to:

Rainfall intensity L /") +H

Soil moisture L%H

Soil porosity SN 'H

Simulated using Horton
(infiltration excess) or
Dune (saturation excess)
processes
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2. Water cycle: back to processes

Focus on river flow

Atmosphere

1. Atmosphere

2. Soil -Vegetation ' 3. Rivers - Lakes

Fan et al., 2007

4. Groundwater

Subsurface

19



2. Water cycle: back to processes

River routing

Several approaches: Saint Venant equation, diffusive wave, Muskingum approach

V(1) = K, Q" (t) + (L-x,).Q°(t))

reach j

(David et al., 2011, HP, JHM)
RAPID Routing model

e estimation of water volume and riverflows on every reaches
e adapted to large scale basin with high spatial resolution

=>» Few parameters, inversion process included

=>» numerical efficiency (parallel computation)




2. Water cycle: back to processes

River routing

Illustration of the Rapid Model _
(David et al., 2011, HP, JHM)

http://www.geo.utexas.edu/scientist/david/rapid.htm

g
Application in the Guadalupe river, Texas
River network based on NHDplus
S Y 4 o k




2. Water cycle: back to processes

Focus on groundwater

Atmosphere

1. Atmosphere

2. Soil -Vegetation 3. Rivers - Lakes

Fan et al., 200

4. Groundwater

Subsurface
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2. Water cycle: back to processes

Zoom on groundwater

Groundwater, Water Table, and Surface Water Location

? Soil water
Vadose zone

* Capillary zone *
A A

LS Water table ——-
Saturated
Aquifer v Unconfined aquifer
Barrier to A
water :
movement y Aquiclude
A
Ao Confined aquifer
Y . 4

©The COMET Program
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2. Water cycle: back to processes

Main groundwater basins

0 20 40 60 80 100 120 140 160 180 200

24



2. Water cycle: back to processes
Darcy's law

Henry Darcy

Marsannay ——s
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2. Water cycle: back to processes
Groundwater flow (2D)

Confined or uncondined aquifer

08 = L (Rih-2,) D)+ L (R(h-2,) T+
ot OX oX oy oy
Parameters

w : Porosity or storage coefficient (x)

K: Hydraulic conductivité hydraulique ou transmissivité (x)
Z . - substratum elevation (unconfined aquifer) (x)

f : sink and source (x,t)



2. Water cycle: back to processes
Groundwater flow (2D)

Confined or uncondined aquifer

oh 0 ,- oh,

—=—(K(h-2z,)—)+-=
wat aX( ( sub)ax) 8
Parameters

w : Porosity or storage coefficif
K: Hydraulic conductivité hydr:
Z.b + Substratum elevation (unc
f : sink and source (x,1)

Problem: how to determine the value of the parameters?




2. Water cycle: back to processes

Determining groundwater parameters: direct observation
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Or (and) assimilation/inversion techniques
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2. Water cycle: back to processes

Atmosphere

1. Atmosphere

2. Soil -Vegetation 3. Rivers - Lakes

4. Groundwater

Fan et al., 2007 Subsurface

Infiltration to the Aquifer
Aquifer to river exchange

River loss to aquifer
Groundwater evaporation loss

o A~ DN F

Groundwater abstraction

29



2. Water cycle: back to processes

2. Aquifer to river exchange

sy
) nd acer

Subsurface

3. River loss to aquifer

River aquifer interactions are not easy to handle, because of:
e High spatial and temporal variabilities
e Badly known distribution of the effective parameters

Gaining Stream Losing Stream

Flow Direction -l g ol . st Flow Direction

Figure connectedwatergov..au, Winter et al., 1998




Land Surface

l

2. Soil -Vegetation

2. Water cycle: back to processes

2. Aquifer to river exchange

3. Rivers - Lakes

Subsurface

Evidence from observation:

Watfer balapce in the Rhine upper a||L.JVIa| basin | (Estéves, 1988)
Aquifer to river exchange volume during a flood event in 1986
Aquifer drainage Exchange volume
10:' / Crua du 2B12/1985 gu 02/01/1986
N Projondeur . .
ol reon River to aquifer
*7 6 days infiltration:
—> [ 4 14% of the river flood
107 tz\/’/ peak
E 40
.g a T T T
- 20112 012 nnz ot/01 oo
-16 7} [- "0
'“T 100
v

Piezometric level

River infiltration

Figure 6 : Volumes d’eau échangés et variations du niveau piézométrique de la nappe au point

P2 lors d'une crue. 31



2. Water cycle: back to processes

Figure connectedwatergov..au, Winter et al., 1998

Qexch

sy
) nd acer

Subsurface

2. Aquifer to river exchange
3. River loss to aquifer

Transfer coefficient River level
\ /< Piezometric level
_ (Criv'(HO_h) _ o _
river—aquifer = Mirk Q. —— Maximum infiltration rate
- V/AL —s Volume of water in the river
Gaining Stream Losing Stream

Flow Direction




2. Water cycle: back to processes

2. Aquifer to river exchange

l

2. Soil -Vegetation

Land Surface

3. Rivers - Lakes

Subsurface

Sensitivity of the river level simulated by an hydraulic
model to the river bed geometry

Observed river bed geometry

Data from DEM
|Bmesue]
a'llf _ll'
]\ j/ \I
F — | A
T, T Joo | — -
\\a _.--‘fj "\i\?;,f
— . YA

Saleh et al, 2011

33



Land Surface

3. Rivers - Lakes
2. Aquifer to river exchange

2. Water cycle: back to processes Z 1

Subsurface

Sensitivity of the river level simulated by an hydraulic
model to the river bed geometry

1

-o- Nash WL -+ Nash Q
09 & -

0.8 -

—i
i
o
(@]
“©
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<
Q

©
(V]

0.7 |

Nash

0.6 -
0.5 -

River bed shape \u_/‘
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2. Water cycle: back to processes

2. Aquifer to river exchange

A/ e - !Wﬂ
- . nd acer

Subsurface

3. River loss to aquifer
River level estimation at regionale scale

SWOT mission : Surface Water and Ocean Topography

This satellite mission will provide high
resolution water level

http://swot.jpl.nasa.gov/




2. Water cycle: back to processes

2. Aquifer to river exchange

11V Pt
I 4. nd g

3. River loss to aquifer

Subsurface

Spatial variabilities:

Simulation of the river aquifer exchange with variable river levels

Average exchange flow (m3/s)

-0,050 - -0,033
Il -©0.032--0,010
-0,009 - 0,000

U,00T - U, UT0

River infiltration ~
/ 0,011 - 0,050
. . 0,051 - 0,200
Aquifer drainage

0,201 -0,510
odeled area
Alluvial aquifer

0 510 20 Kilometers

Loebinnl Thierion et al., 2012, JH

Vergnes & Habets, 2018 36



Land Surface

3. Rivers - Lakes

|

4. Groundwater evaporation loss  Godaater

2. Water cycle: back to processes 2 1

Subsurface

Most of the time, this flux is
neglected:

=>» It is implicitely taken into
account in the groundwater study

Evaporation é %

Evaporation

=>» What will happen if the
groundwater conditions evolve?




Land Surface

l

2. Soil -Vegetation

2. Water cycle: back to processes

3. Rivers - Lakes

4. Groundwater evaporation loss  Godaater
Estimation based on observations

Subsurface

High frequency analysis of
Biochemistry & Isotopic piezometric change

observations b)  20-
E morning
: : .
High evaporation e g‘L
losses in the Rhine 5 !
wetlands % 007 AS—=£.00633m
Sanchez Pérez et g
8 214
aI., 2008 fé 0.0179 m/day
(A
21 T T T 1
8/28102 8128102 8/30/02 831102 971102
~50% of ETR in the
Tagon basin

Guillot, 2011, Ephyse
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2. Water cycle: back to processes

4. Groundwater evaporation loss

Estimation based on modeling

Surface Runoff

Groundwater(river
Exchanges

Only gravity
drainage

ISBA

'
Gravity Upward

drainage

Gravity
drainage
+
pward
capillary fluxes

Vergnes et al., 2014 JGRA

Cﬂpillﬂl"‘ e Flovwrme

51°N

2. Soil -Vegetation 3. Rivers - Lakes
!'A" ! !'A‘,m
] 4

. Gfodndwadter

Subsurface

Change in evaporation (%) due to capilly rise

J — ot

./ - - Mg = 50
,"_"\-\\_7" =

30
Cc "."
N ! 10

48°N- =

45°N -

42°N

50

0 5°E 10%E
About 9% on average but localy above 50%



2. Water cycle: back to processes

4. Groundwater evaporation loss=» Feedback to atmosphere

Cooling and wetting effects : mechanism

AT<0 + + _ o APr>0
,” I
Cooling 1 Wetting I
I I

1
AET>0 +::
( |

/

== , !
P I

¥ !

ASM>0 + !

/
k '
GW supply 40

Colin et al., 2018, Météo-France



2. Water cycle: back to processes

4. Groundwater evaporation loss=» Feedback to atmosphere

Several coupled Groundwater Atmosphere model are getting developped
TerrSysMP Kuntz et al.,

Decharme et al. 2018 (in prep) 2016, Kollet et al., 2018
CNRM-CM COSMO
. w» W Atmospheric Forcing
*Sobimaton” |
5 /Ground Surface
e, ; >
Evapotfalralg;iration V' Snow 12L ? B

Infiltration Front

g Vadose Zone
|

ParFlow

T

urated Zone
1

l(,ru Tog

I .

saturation ] Water Table




2. Water cycle: back to processes

4. Groundwater evaporation loss=» Feedback to atmosphere

Impact of Groudwater in the context of climate change with CNRM-CM

YUN

60N =

30N =

30S =

60S

180  150W 120W 90W  60W  30W 0 30E 60E 90E  120E 150E 180
3 4

e EE (°C)

05 05 1 2

=>Up to -2 °C

Colin et al., 2018, Météo-France .



INTEGRATING THE IMPACT OF THE GROUNDWATER AND
ANTHROPOGENIC EFFECT AT THE BASIN SCALE

1. Some general patterns on the water cycle
2. Zoom on the main processes
3. Impact of human activities

43



3. Anthropogenic impacts on the water cycle

Direct impacts:
* River Dams
e Groundwater abstraction

Indirect impacts:
* Land Use change
* Sea Level Rise
* Erosion and subsidence
* Climate change
e Pollution...



3. Anthropogenic impacts on the water cycle

Damming of river

2007

o
w0l

Damming of Rivers

S 28
g 241
Global Reservoir and Dam (GRanD) database § fg:
Lehner et al., 2011 £ 124
Dams with reservoirs larger than 0.1 km3 H 2:

| —

& & &

=>» 6,862 large dams, 6.1 km3 water store e N 0N 45

Year



3. Anthropogenic impacts on the water cycle

Damming of river

Stored Runoff

< 3"“ .
- v
<
10

25

= %0
B 00 p
B o w00 >
Nile River at the Aswan Dam

12 Y - v
-§ 10
> 8
- @

4

2

o 2 2 s

1950 1960 1970 1980 1990

Time [yr]

Global Reservoir and Dam (GRanD) database

Impact on river flows and wetlands
=» Impact on aquifer recharge
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3. Anthropogenic impacts on the water cycle

Damming of river The limits of managing the water resource by the o

Difficulty to fill up the dams

Building new dams will not necesseraly provides more water

Lake Oroville - July 20, 2011




3. Anthropogenic impacts on the water cycle

Damming of river: small dams

Impact of the small dam network
Strong impact on riverflows difficult to anticipate due to the
various managment of the dams

Impact on mean annual discharge

. : | ‘ 7.0
Evolution of annual riverflow of watershed higly A T
equiped with small dams(%) as a function of the [ A . S o 1100
. o | .
humid/dry years - S Sg
00 £ goo| 800 o .. 1 4143
I I I Il = > : 5 s
_ £ s e
%‘? -10% 5 s : : :
E T BODf R e 180
-_c_% 2% l;.)- ’ O @89 Australia
g g ‘ : pPp Africa -22.0
s -30% 400F— ‘ R | e America ||
g H Wet years 2 ? : : Bl Asia
S -40% ™ Dry years 2 0 2 4 6 8 10 12 23
g8 Median years density (Nb/km? )
£ -50%
a b c de e f ¢cge e e e e e e e e e e e e
Index of references
On average, small dams reduce annual discharge by 10% Habets, Molénat et al., 2018

But far more the dry year.... 48



3. Anthropogenic impacts on the water cycle

Damming of river: small dams

25

20

. N
E==) Waterbalance
component

15

Water current
| Impermeable or

Claylayer  _ — Y- Groundwater
IThermal stratification ~ Piezometric head
of the water column Wind

mm/ day

10

‘ | | '
® Seepage from infiltration tanks h
3 Seepage from other types of reservoirs
B evaporation from infiltration tanks
0 evaporatyion from other types of reservoirs | |
L -
® ®
a
®
oe e _
oH O O
m i
OEEQ | T .
Annual Summer Winter

Habets, Molénat et al., 2018
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3. Anthropogenic impacts on the water cycle

Damming of river: small dams:
modeling allow to project the efficiency (dam’s filling)

Catchment
Area Acarch

Small farm dam
Area Agep

wy=3 m depth I

Vmax=Agrp.Wy

Vmax| yolume in the SFD

L2

Au Se O No De Ja F Ma Av Ma In I

Volume (m?)

Filling period | igation period

Habets et al., 2014



3. Anthropogenic impacts on the water cycle

Groundwater abstraction

Groundwater
depletion (mm yr™)

1,000
ISOO
0

Aeschbach-Hertig & Gleeson, Nature Geoscience, 2012

51



3. Anthropogenic impacts on the water cycle

Groundwater abstraction

22,000 Pokhrel et al*® (2012) - 60
20,000 ----- Wada et al.”® (2010)
] Wada et al.* (2012)
i ¢ 50 m
o~ 18,000 Konikow™ (2011) B
£ 16,000 F =
= i 18
% 14,000 -40 g
E . "y
= 12,000+ ®
> . 30 L
£ 10,000 2
= 8000 =)
=t ] 20 %
o 60004 _ o
4,000 _— L0 2
2,000q
0 T T : | : | : T T T : 0
1950 1960 1970 1980 1990 2000 2010

Year

Estimated groundwater depletion and corresponding sea-level rise

Aeschbach-Hertig & Gleeson, Nature Geoscience, 2012



3. Anthropogenic impacts on the water cycle

Groundwater abstraction

Example within the Aqui-FR project

* Over 16 000 GW abstractions points, for a volume up .
to 2.4 billion m3

* Pumpings can represent half or the recharge during
dry year

* Pumpings affect low flow

50 0 50 100 150 200 km
G )

www.metis.upmc.fr/~aqui-fr
Roux et al., 2018 (CMWR); Vergnes et al., 2018 (CMWR)



3. Anthropogenic impacts on the water cycle

Groundwater abstraction

Example within the Aqui-FR project and the XXth century reconstruction
by Bonnet et al. 2018 (CERFACS)

Comparison with the Observation Head at Toury (Beauce aquifer)

120 T T : T T T 7 T
i Aqui-FR with GW abstraction :
Lo oo AQUE-FR- Withotit GW. abStraction  f - wwwrveeeeeoreereeseccseec oo Y 70
: +—+ GW Observatiéns at Toury !
15k | ‘ ' |4 B—
_ )
g i -
3 FE 65 g
= ! o
s | £
E g
2 ] . R
° '
&

=
=

105

— reconstructed Precipitation (10-year-avg)

100 : I i 1 : 1 I 1 : | | 35
10-1854 03-1882 07-1909 12-1936 04-1964 09-1991 01-2019




4. Climate change & Anthropogenic impacts cycle
Climate change !

Still difficult to disentangle climate change and anthropogenic change
In the last 70 years:

 There are climate variabilities + changes

 Changeinland Use

 Change in agricutural practises : yield of wheat increase by 700%!



4. Climate change & Anthropogenic impacts cycle
Evolution of monthly precipitation in the Seine Basin

65

60

ss . | . | . | . |
Jun-1928 Oct-1955 Mar-1983 Tul-2010

Strong pluri-annual variabilities
Trend of an increase of precipitation

Source: GPCC



4. Climate change & Anthropogenic impacts cycle

Evolution of the river flow In Paris

500

10-year running average

Débit (m3/s)
350 400 450

300

250

200

I T I I T I T
1900 1920 1940 1960 1980 2000 2020

=» Strong variabilities, no increase trend

Source: LEFE project Vitesse, Boé et al.



4. Climate change & Anthropogenic impacts cycle

Estimation evolution of the actual evapotranspiration in the Seine basin
E=P-Q

10-year running average

600

n (mm)
550

Evapotranspiratio

500

450

o
[z}
o
o
o . o
o o o
=3
A Ao o0
cofTa
o Jo
oo
o
o

T I I I
1900 1920 1940 1960 1980 2000

=>»strong increase !

Source: LEFE project Vitesse, Boé et al.



4. Climate change & Anthropogenic impacts cycle

Estimation of the evolution of the actual evapotranspiration in the Seine basin
E=P-Q

Evapotranspiration {mm)
550 600

500

450

1900 1920 1940 1960 1980 2000

The model reproduces the trend on evaporation although it doesn’t take

into account the change in land use, agricultural practices, nor damming....

Is it error compensation (luck?)
Or is it that anthropogenic change is already weaker than

Source: LEFE project climate change ?




5. Climate change & groundwater

Impact on River & groundwater with the Aqui-FR model

Assessment of present day simulation over
e 554 river gages (BD Hydro)
* 629 piezometric gages (ADES)

50 0 50 100 150 200 km
G )

www.metis.upmc.fr/~aqui-fr
Roux et al., 2018 (CMWR); Vergnes et al., 2018 (CMWR)



5. Climate change & groundwater

Impact on River & groundwater with the Aqui-FR model
Present day evolution of the standardised piezometric level index (SPLI)

2

n . L > 10-year wet

| . k N k | m >5-year wet
o o 2 .fF — ) P
wmh J V\l N ‘LA lJ ” W Ah , ~ median
R I My

|
—_

|
)

> 10-year dry

Indice Piezometrique Standardise (IPS)

1968 1978 1988 1998 2008 2018

www.metis.upmc.fr/~aqui-fr
Roux et al., 2018 (CMWR); Vergnes et al., 2018 (CMWR)



5. Climate change & groundwater
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5. Climate change & groundwater
Change in precipitations in France in 2070-2099
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5. Climate change & groundwater
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5. Climate change & groundwater

Evolution of the standardized riverflow
2070-2100 compared to 1960:1990
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5. Climate change & groundwater

Evolution of the standardized riverflow
2070-2100 compared to 1960:1990
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HYDROLOGICAL MODELING:
INTEGRATING THE IMPACT OF THE GROUNDWATER AND
ANTHROPOGENIC EFFECT AT THE BASIN SCALE

The strategies to adapt to climate should take into account groundwater:

* Improving infiltration to the groundwater reduces the risk of (fast) flood and
help providing water resource during the period of scarcity

* Groundwater storages have a small evaporation loss compare to dam

* Filtration of the water to the aquifer improves groundwater quality

BUT:

* Risk of long duration flooding exists when aquifer levels are high

* Aquifer management, including artificial recharge and reuse can have impact
on the groundwater quality

e Abstraction of groundwater should be controled to be sustainable....
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Conclusion

The planetray boundaries

Rockstrom et al., 2009, modified by IGBP
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