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Investigation and Management of complex systems
Edwards Aquifer (Texas, US) = initial example for motivation

« very productive and important aquifer
« provides drinking water for > 2 million people, agriculture, and industry

« complex karstic system o w @

¥ ‘ﬂg,

San Marcos Springs

Comal Springs

San Antonio Springs

San Pedro Springs

San Antonio Segment Basins —— CFP Conduits
Artesian Zone

PO,

Comal spring (karst outlet) Conceptual and numerical model (Sullivan et al. 2019)

The model helps to predict and manage this water resource
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Content
of the presentation

« General workflow

« Examples:
« Lez catchment (France)

« Sheshpeer spring (Iran)

e Conclusion and Outlook
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General workflow
Numerical groundwater modeling




General workflow
1) Question / Purpose

Starting point for modeling:

Question / Purpose

Typical purposes

» prediction

« parameter identification Process
« system understanding
« analysis / interpretation
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5. Calibration
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l 1. Identify Question(s)/Define Purpose IQ- ———

I 2. Build Conceptual Model Iq. R —

4

3. Formulate Mathematical Model
and Select Modeling Code

T

4. Model Design
Translate Conceptual Model into the
Numerical Model (set boundary and
initial conditions, parameters, stresses)

1
i S——

L]

Select Calibration Targets
(e.g., heads and fluxes)

—

4

(adjust parameter values
& compare simulated values to targets)

Calibrate the Model & Evaluate History Match

A
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IAcceptthe Calibration l Be]ectthe Calibra

tion H
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Evaluate the Calibration
(assess reasonableness of parameter values)

3

6. Forecast
(forecasting simulations)

4

7. Assess Uncertainty in the Forecasts
(forecast sensitivity analysis)

4

I 8. Evaluate Results and Prepare Modeling Reporrl

4

9. Re-evaluate and update the model
when new field data are collected

Scheme from Anderson et al. 2015
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General Workfl OW IiIdentifvQuestioni(s)/DefinePurpose |+ + _.l
1) Question / Purpose

Starting point for modeling:

Question / Purpose

Typical purposes

« prediction

« parameter identification
« system understanding

« analysis / interpretation
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Predicition of solute concentration downstream from a contamination

o

Scheme from Anderson et al. 2015
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General Workfl OW IiIdentifvQuestioni(s)/DefinePurpose |+ _l __|
1) Question / Purpose

Starting point for modeling:

Question / Purpose

Typical purposes
« prediction

- parameter identification

« system understanding

« analysis / interpretation

wwwwwwwwwwwwwwwwww
\\\\\\\\\

Inverse parametrization with tracer testing at a karst system (Freiheit Spring, USA)
Scheme from Anderson et al. 2015

TECHNISCHE General strategies with numerical modeling (A‘
@ UNIVERSITAT Dr.-Ing. Thomas Reimann, Prof. Dr. Rudolf Lied| DRESDEN
DRESDEN e

RESIBIL Model Workshop e Praha e« March 4th 2019



General WO rkfl OW &ldentifyQuestioni(s)/oefinepurpose |+ _|. __I
1) Question / Purpose

Starting point for modeling:

Question / Purpose

Typical purposes
« prediction

« parameter identification

- system understanding

« analysis / interpretation
LH

- high water situation K=

conduit

Simulation of a karst system in Nimes (France); the model supports the understanding

the system behavior (overflow springs; Figure: |.-C. Maréchal and photo: G. anen
of 4 vior (overflow springs; Figure:J photo: G. Jou ) Scheme from Anderson et al. 2015
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G enera I WOoYr kfl ow [ 1. 1dentity Questioni(s)/DefinePurpose | _l __|

1) Question / Purpose

Starting point for modeling:

Question / Purpose

Typical purposes

« prediction

« parameter identification
« system understanding

- analysis / interpretation
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Interpretation of hydraulic tests (e.g. pumping tests; Figures from Giese et al. 2017) Scheme from Anderson et al. 2015
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I 1. Identify Question(s)/Define Purpose ld— — —

General workflow — —1 |
2) Conceptual Model —— |

3. Formulate Mathematical Model
and Select Modeling Code

Very important step L]

4. Model Design
Translate Conceptual Model into the

 qualitative system behavior (structure, boundaries) ettt ||~ —}

¥

» interpretation of (current) knowledge 4 Select Calibration Targets

(e.g., heads and fluxes)

: : 3
 also: depict current uncertainty Calorate the Mode & Evaluate Hitary iateh

(adjust parameter values [ —

; . & compare simulated values to targets)
5. Calibration < l I
Process
I Accept the Calibration | Reject the CalibrationH I

RECHARGE RECHARGE ‘ I

E l l l Evaluate the Calibration
‘5 = (assess reasonableness of parameter values)
8 - DOVERAFB &=
......... g (k=01 ﬂ/d) iy (Kp= 0.1 ftid) DELAWARE 6. Forecast
...... e e e e (forecasting simulations)
UPPER SURFICIAL AOUIFER A R
4 (Kp= 5 f/d) K > 1§
g _| é 7. Assess Uncertainty in the Forecasts
z = E % (forecast sensitivity analysis)
=] o< O
g 38 8
z 23 % i
9 CALVERT FORMATION ZQ u
§ (Kh=0.002 ft/d) 1 J :z:. I 8. Evaluate Results and Prepare Modeling Report—l
=
L FREDERICA AQUIFER g ‘
(K= 25 f/d) o
J 9. Re-evaluate and update the model e =i wmm
NO-FLOW BOUNDARY NOT TO SCALE when new field data are collected
] : I model (USGS WRIR 99-4224,
Figure: Example of a conceptua ( ) Scheme from Anderson et al. 2015
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I 1. Identify Question(s)/Define Purpose ld— — —

General workflow - -
3) Mathematical Model —

3. Formulate Mathematical Model
and Select Modeling Code

Quantitative Solution ¥

4. Model Design |
Translate Conceptual Model into the
p i I

« Various approaches possible (analytical / numerical methods) | o e tounsry o
T
» Intended to reflect the conceptual model (processes etc.) ([~ Select albratonTargets

(e.g., heads and fluxes)

——

, . : ]
« Wide range of software available (free & commercial) Calorate the Mode & Evaluate Hitary iateh

(adjust parameter values [ —

< . & compare simulated values to targets)
5. Calibration < ‘l l
Process
l Accept the Calibration I I Reject the Calibration I‘—"
Evaluate the Calibration |
(assess reasonableness of parameter values)

3

6. Forecast
(forecasting simulations)

4

7. Assess Uncertainty in the Forecasts
(forecast sensitivity analysis)

4

I 8. Evaluate Results and Prepare Modeling Repon—l

4

9. Re-evaluate and update the model e =i wmm
when new field data are collected
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Figures: Examples of numerical models (based on MODFLOW6) Scheme from Anderson et al. 2015
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General workflow
Subsequent steps

Calibration, Sensitivity and Uncertainty analysis
« Depending on the initial question / purpose (e.g. forcast)

 Iterative process with a feedback loop to previous steps

5. Calibration <
Process

l 1. Identify Question(s)/Define Purpose IQ- — —

(

I 2. Build Conceptual Model Iq. R —

4

3. Formulate Mathematical Model
and Select Modeling Code

T

4. Model Design
Translate Conceptual Model into the
Numerical Model (set boundary and
initial conditions, parameters, stresses)

L]

Select Calibration Targets
(e.g., heads and fluxes)

4

Calibrate the Model & Evaluate History Match
(adjust parameter values
& compare simulated values to targets)

IAcceptthe Calibration l uejectthe Calibration H

1
i S——

A

- Advanced methods for further analysis like PEST

(e.g. automatic calibration & uncertainty analysis)
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Evaluate the Calibration

—
(assess reasonableness of parameter values)

¥

6. Forecast
(forecasting simulations)

4

7. Assess Uncertainty in the Forecasts
(forecast sensitivity analysis)

4

I 8. Evaluate Results and Prepare Modeling Reportj

4

9. Re-evaluate and update the model e =i wmm
when new field data are collected

Scheme from Anderson et al. 2015
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Content
of the presentation

« @General workflow

- Examples:

 Lez catchment (France)

« Sheshpeer spring (Iran)

e Conclusion and Outlook
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Example

Lez karst spring (France)
Modification of conceptual model




Example: Lez karst spring
Evaluation of large scale pumping

Conceptualization of karstic systems

very distinctive

dry valley

= anisotropy

- heterogeneity : _, sinkhole

Fractured porous rock matrix:

* low conductivity/large storage

* linear flow (laminar)

water table Karst conduits:

fissured matrix blocks | * large conductivity/low storage

conduit system * linear/nonlinear flow (turbulent)

karst spring (from Geyer 2008)
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Example: Lez karst spring
Evaluation of large scale pumping

Karst characterization with artificial signals (high-capacity pumping)

« Lez aquifer (near Montpellier, South of France)

« high capacity pumping test was conducted to investigate the system (cost ~ 14 Mio. €)

(2]
o
]

1
(2]
(=]
o

i --- catchment long term pumping )
P - = []
® @ Cbservation - 50 500 g
1 well o umping rate @2
PS5 _ g 40 -400 &
@, ¢ pumping E o
; well g 301 -300 &
/, o . =
% 20 conduit -200‘%
° o
L -1005
matrix £
= — = 3
Q707 oate 10 108 24/ ° =
. — 27/07 03/08 10/08 17/08 24/08
Cent Fonts spring 0 2 km s
@ pumping well Data: Maréchal et al. 2008

@ conduit head observation - temporal and spatial system reaction

@ matrix head observation
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Example: Lez karst spring
Evaluation of large scale pumping

Approaches for mathematical models to account for karstic systems

SCPE DCPE HM * DSFS DMFS
Single Double Hybrid Discete Discete
Continuum Continuum Model Single Multiple
Porous Porous (Discrete Conduit — Fracture Fracture
Equivalent Equivalent Continuum) Set Set

g

X

|

Deterministic Approach

small

high -

limited

Investigation Effort

T

Practical Applicability

Capability to Simulate Heterogeneities e

' Stochastic Approach

high
small

good

* considers turbulent flow in discrete karst conduits that  (from Teutsch and Sauter 1991)

interact with a laminar matrix continuum)
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Example: Lez karst spring
Evaluation of large scale pumping

Discrete Conduit - Continuum numerical model (Hybrid Modell Approach)

Matrix

Conduit system

: d* g
laminar i e ]
32V
/\',- 2[‘) ] 1% r
turbulent v = 2log | = — + : v 2gdl
3.71d ¢ v2gdl
Transfer Qex = Aox (M — hyy)

Hagen Poiseuille

Colebrook-White

Karst aquifer scheme (Bauer 2002)

m—(

in

Freely available software: MODFLOW-2005 Conduit Flow Process (CFP)
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Example: Lez karst spring
Evaluation of large scale pumping

Conceptual model =+ Idealized numerical model

river bc (hrver = 136.0 m) . ,
some available data (e.g. Maréchal et al.

<
7 matrix
' ; f
:' --- catchment observation bo:(r)r d:r‘g 2008
: @ observation * main conduit diameter ~ 3.5 m
' well
“®,; o pumping E - Transmissivity T, 1.6E-5 m/s
& well 3
> * Storage S,,,.ix 0.007
pumping well
dui . .
s « Buéges river loses ~ 0.015 m3/s
no flow fixed head
boundary |x_e o8 , . . . 3
—=769m * Hérault inflow during pumping ~ 0.030 m3/s
Cent Fonts spring 0 Zkm e (e < 760
sei «and more ...
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I 1. Identify Question(s)/Define Purpose l‘- — e—

Example: Lez karst spring — -
Evaluation of large scale pumping 7

3. Formulate Mathematical Model
and Select Modeling Code

]
Calibration results with the initial numerical model ey

Numerical Model (set boundary and
initial conditions, parameters, stresses)

7

i

1

|__T___|_|.___i___

o, r Select Calibration Targets
Initial results (e.g, heads and fluses)
4
Observed Simu,ated Calibrate the Model & Evaluate History Match

(adjust parameter values 14
& compare simulated values to targets)

5. Calibration
Process < l l

—_— 60- I Accept the Calibration I uejectthe Calibration I
5 504 pumping well 0.0005 - 3 I
; i (CondUit) E 0.0004 - Evaluate the Calibration |
- [] (assess reasonableness of parameter values)
% il < p— pumping well s
o
-g 20 - g 0'0002 i (Conduit) (forecai.t;ogr::]fﬁations)
© b4 .
< 101 matrix_ E 0.00017 ] matrix 1. 4
——————— © 0.0000 +—"——r———— it
0 7 14 21 28 35 0 7 14 21 28 35 e el

time (days) time (days) 3

I 8. Evaluate Results and Prepare Modeling Report1

3
- necessary revision of the conceptual model to reflect the 5. Re-evaluate and update the mode]

when new field data are collected

| = o s s

|
‘

driving processes because the initial model lack some processes
Scheme from Anderson et al. 2015
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Example: Lez karst spring
Evaluation of large scale pumping

Enhancement of the mathematical model - consideration of an additional process

« existing model: storage mainly provided by the matrix, no storage from the conduit system

« updated model: additional (fast reacting) storage associated with conduits (e.g. large fractures, caves)

Existing model

dry valley

matrix:

* low conductivity large fissure

N

* large storage

drainable
] storage -
conduits:
* large conductivity conduit—s

fissured g« low storage

conduit system

karst spring (from Geyer 2008)

from Renner 1996

Updated model

Weabs

hconduit = hcaps

CADS

drainage

Lconduit = Lcaps

- Addition of drainable storage to conduits as already depicted in the concept of Renner 1996

General strategies with numerical modeling
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Example: Lez karst spring
Evaluation of large scale pumping

Calibration results with the enhanced numerical model

Preliminary results

observed simulated

@ o pumping well Bl -

9 50- . »

o (conduit) £ 50 - _

€ 40- e pumping well

et £ 40 1 (conduit)

530- g 30 -

"%20- .§ 20 -

< 107 matrix _ g 10 - matrix
| T T T 0 T T L T T
0 7 14 21 28 35 0 7 14 21 28 35

time (days)

time (days)

-+ the (enhanced) numerical model can reflect the processes (ready for a refined calibration)
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Content
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« @General workflow

- Examples:

« Lez catchment (France)

« Sheshpeer spring (lran)

e Conclusion and Outlook
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Sheshper spring Iran
Multi-criteria-optimization




Example: Sheshpeer spring
Karst characterization with multiple signals

Example: Sheshpeer Catchment, Iran

1 [ Karst
2 [_] non karst
3 P W —
4 T
5 — catchment
6 — o groundwater flow direction
7 e sinkhole
8 o tracer injection point
9 ®  spring
IRAN
Téhran
|udyArg
012 3 4
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General strategies with numeric modeling
Conclusion and Outlook




General strategies with numeric modeling
Conclusion and Outlook

Development trends
* Increasing computing power
» Increasing connection and networking

« Data: Improved access and increasing amount

General strategies with numerical modeling
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General strategies with numeric modeling
Conclusion and Outlook

Development of the numerical flow model MODFLOW (open source & state of the art)

Column (m}

« MODFLOWG6

Row {n)

Conn tween two
cells in different models

MODFLOWE: flexible finite-volume discretization and flexible coupling of several models
(figures from MODFLOW®6 documentation)
- flexible spatial discretization (control finite volume)

- coupling of several models (one solution matrix for several models)
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General strategies with numeric modeling
Conclusion and Outlook

Development of the numerical flow model MODFLOW (open source & state of the art)
- MODFLOWG6

« MODFLOW One-Water-Hydrologic-Modell (OWHM?2)

precipitations
water unit (cultivated field)

water well
water unit (urban area

irrigation channel

drainage channel

-+ reflects the overall hydrologic cycle

- several processes (agriculture,

evapo-
transpiration

unsaturated zone, streams etc.)

MODFLOW-OWHM: integrated hydrologic model

General strategies with numerical modeling
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General strategies with numeric modeling
Conclusion and Outlook

Development of the numerical flow model MODFLOW (open source & state of the art)
- MODFLOWG6

« MODFLOW One-Water-Hydrologic-Modell (OWHM?2)

Plot the Grid

Development of Pre- and Postprocessing

« Script based (Python, FloPy)
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General strategies with numeric modeling
Conclusion and Outlook

Development of the numerical flow model MODFLOW (open source & state of the art)
« MODFLOWG

« MODFLOW One-Water-Hydrologic-Modell (OWHM?2)

[ 4 qais2183-10 @EQL
. Project Edit View Llayer Settings Plugins \Vector Raster Database Web [FREEWAT | Processing Help
Development of Pre- and Postprocessing |- 8&L% AEI® £ 5 HP|_Zemmseen hme .l
¥y 8B -q ~enfRME E| = O & MODFLOW Boundary Conditions » | CreateGrid
* Script based (Python, FloPy) e cory | et
© v AwYE @A o
'{} E'm— DataBase
i i . % | o
 Integration in GIS (QGIS; FREEWAT) |« - o
@' = Post-processing
@ Eae.
% | B
! B e
\f;v mping_2sp_well
rid_grid
1l N
|
|
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