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Groundwater monitoring around the world ...

Monitoring is of key importance when
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This is why extensive monitoring

networks are operated in many countries
worldwide*.
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Monitoring wells

Evaporation Precipitation

| |

As the groundwater cannot be directly observed, we take
measurements of the hydraulic head to obtain information on the
(changing) state of the groundwater system over time.
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o We will refer to hydraulic heads or
groundwater levels as “heads”
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Head time series characteristics

Head time series are often messy:
*Measurement errors

*Different measurement techniques
*Different observation periods

*Mixed observation frequencies
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See also, for example:

Post and von Asmuth (2013) Review: Hydraulic head measurements—new
technologies, classic pitfalls. Hydrogeology Journal.

Rau et al. (2019) Error in hydraulic head and gradient time-series

measurements: a quantitative appraisal,.

HESS



https://link.springer.com/article/10.1007/s10040-013-0969-0
https://link.springer.com/article/10.1007/s10040-013-0969-0
https://hess.copernicus.org/articles/23/3603/2019/
https://hess.copernicus.org/articles/23/3603/2019/

Measuring and modeling
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Measuring and modeling

(a) Mazsalaca, Latvia (b) Skanderborg, Denmark (c) Heby, Sweden
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“embedded in those hydrographs is valuable information
about subsurface conditions and aquifer responses to
natural and anthropogenic stresses” Butler Jr. et al. (2021)
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Solving groundwater problems

| have a
groundwater

related question

Decision maker



Groundwater modeling

Let’s build a

complex .

groundwater Sounds expensive,

model is that really
necessary?

Hydrogeologist 1 dh Decision-maker
Hydrogeologist 2

04.02.25 12



Groundwater modeling

Instead of directly trying or having to
understand the groundwater system in its
entirety, can we answer the question* with a
much simpler model that is much faster to
develop?

Groundwater

Issue Paper/

r//-\r//

Solving Groundwater Flow Problems with Time
Series Analysis: You May Not Even Need
Another Model

by Mark Bakker' and Frans Schaars?
*or help the decision-maker

04.02.25

3D fully coupled

groundwater model

2D groundwater Required
model time and
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investment

point-scale
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Groundwater modeling

A point-scale groundwater model translates some input time series (i.e., precipitation, evaporation, pumping) into
a head time series.
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Lumped-parameter groundwater models

Evaporation Precipitation

|

The groundwater levels are simulated using impulse
response functions that describe the head response
to impulses of stresses.

Common stresses include:

- precipitation

. Percolation
- pot. evaporation o
- temperature - 0'75_
- pumping N I N N B e o
- surface water levels 2 > _
- tides & 0257
0.00 T T
- . 0 200 400
Time

Unsaturated Zone




Predefined impulse response functions

As an impulse response functions, a scaled-gamma A=100. n=L. a=10
response function may be applied to quantify the head . —— A=100, n=1.5, a=10
response to a stress: = —— A=100, n=3, a=10
%]
S 6-
Q.
w
s
n-1 3 4
(t)=A———e /@ 2
© =4 arm g,
Where A, a, and n are shape parameters that determine 0 ; , ,
the shape of the response function. 0 20 40 60 80 100

Time [days]

See also: von Asmuth et al. (2002) Transfer function-noise modeling
in continuous time using predefined impulse response
functions, Water Resour. Res.

05.05.25 Pastas Workshop 10



Simple(r) models can work (really) well !

Lumped-parameter models have been successfully applied in countries worldwide in diverse settings: i.e., Australia,
Austria, Switzerland, Netherlands, USA, Chile, Germany, Belgium, Norway, India, Brazil, and many more.
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Documentation &
Examples: pastas.dev. = [ """ aordocs

Pastas software

T b ot e Duacamartatin of the Mgt ston Py o iesrtace (A of Pastos

T bt 5 Bea bt e 3 A 88 aeted bom e S FTege e
B pran cote e e W et maras e wl e e SPert Cotegores of e AR Bomartstion

Pastas is an open-source Python package to D5 e e
perform time series analysis in groundwater ' - - LD — S
studies. = e
The goal of Pastas is: ) e GRS SR =

“to provide a scientific framework to improve
existing methods or develop and test new methods,
while at the same time provide a reliable ready-to-

use software tool for groundwater practitioners in —— e = s=~= | [Source Code:

the field" o " github.com/pastas/pastas
O .. 0308
— e ——— .| 90008

Install:

Collenteur et al. (2019) Pastas: Open Source Software for the Analysis of
S>> plp install pastas[full] Groundwater Time Series. Groundwater
First Commit First release Pastas Workshop Pastas Paper! Non-linear models Version 0.17 Nciw
2016-.04-15 2017-'01-17 2018-:)4-25 2019-.07-15 2020-.04-01 2021-:)4-02 2021-'09-06



Groundwater

Methods Note/
//—\—/’/

Pastas: Open Source Software for the Analysis
of Groundwater Time Series

by Raoul A. Collenteur'®, Mark Bakker?, Ruben Caljé?, Stijn A. Klop%*, and Frans Schaars®

Abstract

Time series analysis is an increasingly popular method to analyze heads measured in an observation well.
Common applications include the quantification of the effect of different stresses (rainfall, pumping, etc.), and the
detection of trends and outliers. Pastas is a new and open source Python package for the analysis of hydrogeological
time series. The objective of Pastas is twofold: to provide a scientific framework to develop and test new methods,
and to provide a reliable ready-to-use software tool for groundwater practitioners. Transfer function noise modeling
is applied using predefined response functions. For example, the head response to rainfall is simulated through
the convolution of measured rainfall with a Gamma response function. Pastas models are created and analyzed
through scripts, ensuring reproducibility and providing a transparent report of the entire modeling process. A
Pastas model can be constructed in seven simple steps: import Pastas, read the time series, create a model, specify
the stresses and the types of response functions, estimate the model parameters, visualize output, and analyze
the results. These seven steps, including the corresponding Python code, are applied to investigate how rainfall
and reference evaporation can explain measured heads in an observation well in Kingstown, Rhode Island, USA.
The second example demonstrates the use of scripts to analyze a large number of observation wells in batch to
estimate the extent of the drawdown caused by a well field in the Netherlands. Pastas is free and open source
software available under the MIT-license at http://github.com/pastas/pastas.




Modeling using Python scripts

import pastas as ps

import pandas as pd

rain = pd.read_csv(”rain.csv”)

evap pd.read csv(“evap.csv”)
heads = pd.read_csv(“heads.csv”)

ml

ps.Model (heads, name=“model”)

rm ps.RechargeModel (rain, evap,
rfunc=ps.Gamma, name=“recharge”)
ml.add_stressmodel ([sm, rm])
ml.solve()

ml.plots.results()

Head [m]

Error [m)

0.25
0.00
-0.25

Contribution [m]

eee Head

~— Simulation (R*=88.12%)

Model Parameters (n.=6)

- Residuals —— Noise

name optimal

stderr

recharge A | 317.95

5.19%

recharge_n 131

1.81%

recharge_a 56.52

5.77%

recharge t | 067

8.09%

constant_d 439

1.43%

noise_alpha 83.35

19.75%

T T T T T

—— recharge

T T

Stresses: ['Rain’, 'Evap']

Step response

300 4
200 -

100 4

0

2 e e et

10\0. 1_0\6 10‘\$

0 100 200 300

Time [days]

400
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Solving groundwater questions

| have a
groundwater
related question

Decision maker

21



Why model head time series?

04.02.25
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System Characterization: Which driving forces and processes are
impacting the aquifer under study?

Prediction and forecasting: Make a predictive model to predict
and/or forecast the heads.

Quantification of input-response relations: Quantify the relationship
between different stresses and the heads.

Support GW models: time series models can be used to support the
development of numerical groundwater models.

22



Example: Identitying stresses on the groundwater system

Understand what stresses might be causing the
measured groundwater dynamics. Examples of
stresses are:

* Precipitation

* Evaporation

* River stages

* Pumping

Von Asmuth, Maas, Bakker, and Petersen (2008) Modeling
Time Series of Ground Water Head Fluctuations Subjected

to Multiple Stresses. Groundwater, 46: 30-40.
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Example: Gap-filling

04.02.25
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Peterson & Western (2018).
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A

A) ® Monthly obs.
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Statistical interpolation of groundwater hydrographs. Water Resources Research, 54, 4663-4680.
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Example: Outlier detection

Help* the detection of possible outliers, logger drift,
and similar measurement errors

* Human oversight will remain necessary!

Peterson, Western & Cheng (2018) The good, the bad
and the outliers: automated detection of errors and
outliers from groundwater hydrographs. Hydrogeol J 26,
371-380.
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https://doi.org/10.1007/s10040-017-1660-7
https://doi.org/10.1007/s10040-017-1660-7
https://doi.org/10.1007/s10040-017-1660-7

Example: Input-output relationships

— simulation B39F0579-005 «s« calibration data «=+ validation data
. 3 . '
What is the impact of groundwater pumping I i
on the heads? 2 '
£
- preci;l)itation excess'
— 0.25 1 El
E 050 .ww\vww«r«wwwwwwvm
-0.25 T r T T by T

See also:

« Collenteur et al. (2019), Pastas: Open Source Software for
the Analysis of Groundwater Time Series. Groundwater.

* Brakenhoff et al. (2022) Application of Time Series Analysis

to Estimate Drawdown From Multiple Well Fields. Frontiers Figure: Effect of pumping on the head. Source: Brakenhoff et al. (2022)
in Earth Science.c

2000 2004 2008 2012 2016 2020
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https://doi.org/10.1111/gwat.12925
https://doi.org/10.1111/gwat.12925
https://doi.org/10.3389/feart.2022.907609
https://doi.org/10.3389/feart.2022.907609

Example: Spatial analysis

observations vs. simulation

head (m)

recharge

Often many monitoring wells in the same
groundwater system are modelled simultaneously,
providing a spatial view.

See also:
« Collenteur et al. (2019), Pastas: Open Source Software for

the Analysis of Groundwater Time Series. Groundwater.

+ Brakenhoff et al. (2022) Application of Time Series Analysis
to Estimate Drawdown From Multiple Well Fields. Frontiers
in Earth Science.c
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pumping well

contributions (m)

1988 1992 1996 2000 2004 2008 2012 2016
year

Extractlon well
(depth = 150 m)

Observation well
depth =0 m
depth = 100 m

L

depth = 200 m

—— | N
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Example: Forecasting groundwater levels e mpdeindis
. . * ¢ Observed — Median — 51 member probab. range
Where might the water table be in one month? Ctart 20130495 Start 2014.10.00

639.0 1
F~

— 63851

Gossau
GWL [m]
*
s

. . 638.0 1
We can drive a Pastas model with ensemble

forecasts of meteorology to obtain probabilistic

groundwater level forecasts. 43“3
429

637.5 1

- Normal

Kestenholz
GWL [m]
e
(%] Pd
| [5+]
1
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Y

e
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Figure: Ensemble groundwater forecasts for Switzerland for two locations
and two start dates. Source: Collenteur et al. (In preparation) Ensemble
groundwater prediction (EGP) in alluvial aquifers in Switzerland
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Example: Supporting Numerical Model development

How may time series analysis help?

Conceptual Model Hypotheses

Define Purpose

h 4

» M4? |Cp| M1 M2 M3 | e
1. Test conceptual model hypotheses gl 0 g !
B
- Create model(s)
==
2 !
2. Engage stakeholders = Any model(s)
E with a good fit?
=
R R ! No es
3. Support model design :
. Yes | Canmodel(s) Are model(s)
ES:akehuIder be improved? reliable?
engagement

4. Provide calibration targets

No /\fes

Select the best model

R E— Sm——

Bad model

Good fit Good fit
unreliable reliable
model madel

Conceptual Model

4

l

r

Model Design

l

1
1
1
1
i
[——
I
1
1
1

Maodel Calibration

h 4

Model Evaluation

hJ

Report Results

Figure source: Collenteur et al. (2022) Presentation at MODFLOW and More
2022, Princeton, USA
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Model groundwater level time series

with Pastas

Onno Ebbens, MSc (Artesia) & Raoul Collenteur, PhD (HydroConsult)




Case study: Time series analysis with Pastas

? Kinderdijk
Netherlands

 Continent: Europe
Coordinates: 51.886, 4.632

? Antipodal point
South Pacific Ocean

Exact location on the other side of the world
Coordinates: -51.886, -175.368

? Waitangi
New Zealand

Waitangi is the closest city to Kinderdijk's antipodal point (886
km).




Case study: Time series analysis with Pastas

442000 A
Y ® WSRL
® Oasen
Fugro
® meteo KNMI
440000 A ® opperviaktewater RWS
® onttrekking Oasen
438000 A
436000 A
434000 A P ‘
o6
) ‘. o ©
432000 ° o
[
Kaartglzggevens (©) Kadaste]r : i ) . : ;
90000 92500 95000 97500 100000 102500 105000 107500




Case study: Time series analysis with Pastas
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Case study: Time series analysis with Pastas
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Case study: goals

What are the most important influences (recharge, pumping, river) on the groundwater?
How will a flood wave affect groundwater levels?

How will a reduction of pump rates affect groundwater levels?



Evaporation

Precipitation

Water levels river

Extraction well rates
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Time series model

eee MBO30PBO1

— Simulation (R?=98.17%)

Model Parameters (n.=8)

name optimal stderr
0.50
recharge A 243374 230%
0.25
recharge a 148.78 234%
0.00
recharge_f 3.39e-10 | 3.32e+09%
=0.25 well_ A 8.05¢-04 061%
-0.50 vell_a 032 226%
-0.75 waterlevel A 061 0.10%
—— Residuals waterlevel_a 8.29e-02 018%
01 ] | | |
0.0 constant_d 054 126%
_0'1 T T T T T T T T T T
—— recharge Stresses: ['Neerslag Rotterdam uur’, 'Verdamping Rotterdam uur'] Step response
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Model groundwater level time series with Pastas

4 sessions, 2 hours per session
Presentations: theory, examples
Demonstrations: live coding in Jupyter Notebooks

Exercises: make your own models



Model groundwater level time series with Pastas

Session

Title

Analysing time series with Pandas

Setting up your first Pastas Model

Different model structures for Pastas

Model calibration and analysis

Topics Covered

* Load and analyse time series data
* Plot time series

* Correct missing values

* Prepare data for Pastas models

» Understand impulse response functions
* Build a basic Pastas model

* Perform calibration

* Analyse results and model parameters

* Add stresses (e.g., pumping)
* Account for precipitation and evaporation
* Build and compare complex models

* Improve calibration settings

* Model residuals using noise models
« Statistical analysis of residuals

* Intro to model uncertainty



Over to Python

M < localhost @ © h + DO
supytertab

File Edit View Run Kernel Tabs Settings Help

- kS c 4 Launcher X [% NB1_simple_model.ipynb X
B + X @O [ » m C » Markdown v Python3 O
Filter files by name Q
M / - [workshop / notebooks / = o = .
Lact Modif Time Series Modeling in Pastas
ast Modified
aday ago

Pastas Team, August 2021
"] NB2_multi... 6 hours ago

[ NB3_calibr... 3 days ago This notebook shows how to perform a simple time series analysis of groundwater data using Pastas. The
Pastas software is available from this GitHub Repository and examples and the APl documentation is available
on the ReadTheDocs website.

Content

o Importing packages

o Loading time series

e Creating a pastas Model
o adding stress models

o solving the model

o visualizing the results

* exercises
PY | H O N Let's get started!

Importing pastas

It is good practice to import the necessary Python packages at the beginning of a Jupyter Notebook, such that
O N Simple 1 & Python 3| Idle Saving completed Mode: Command & Ln1,Col1 NB1_simple_model.ipynb




= Australian
a‘l\l = é Water School
Summary

e  Pastas is open-source Python software to analyze and

0 < localhost @ ®© h + ©
model groundwater level time series B
Z File Edit View Run Kemel Tabs Settings Help
= + c [ Launcher X [ NB1_simple_modelipynb X %
B + X OO » = C » Markdown v Python3 O
o Filter files by name Q
| [ workshop / notebooks / . . .
B N' . " L'mmm Time Series Modeling in Pastas
e Afour-part online course will introduce you to how to - ——
[ NB2_multi... 6 hours ago
* = calibr... jays ago This notebook shows how to perf imple tir i lysis of groundwater data using Pastas. The
use Pastas to solve groundwater problems s e Fara st b st et o a1 s o e
on the ReadTheDocs website.
Content
« Importing packages
* Loading time series
. Creatinggapaslas Model
e  The course will cover the theory behind impulse s s
. . . * visualizing the results
response functions, and provide hands-on experience ¢ oaies
. Let's get started!
and scripts to model your own data
Importing pastas
Itis good practice to import the necessary Python packages at the beginning of a Jupyter Notebook, such that
Simple 0 M1 @& Python3|lidle Saving completed Mode: Command @ Ln1,Col1 NB1_simple_model.ipynb

More info:

https://awschool.com.au/training/modelling-groundwater-pastas/ Thank you for your attention! Questions?



https://awschool.com.au/training/modelling-groundwater-pastas/
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