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Participants from all over the world…
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Groundwater monitoring around the world …
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Monitoring is of key importance when 
trying to better understand and manage 
groundwater resources.

This is why extensive monitoring 
networks are operated in many countries 
worldwide*.

* more measurements always welcome

https://ggis.un-igrac.org/view/ggmn/

https://ggis.un-igrac.org/view/ggmn/


Monitoring wells

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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We will refer to hydraulic heads or 
groundwater levels as “heads”



Head time series characteristics
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Head time series are often messy:

•Measurement errors

•Different measurement techniques

•Different observation periods

•Mixed observation frequencies

•…

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
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Measuring and modeling
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Solving groundwater problems
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Groundwater modeling
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Let’s build a 
complex 
groundwater 
model

Sounds expensive, 
is that really 
necessary?

Decision-makerHydrogeologist 1

Hydrogeologist 2



Groundwater modeling
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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?

*or help the decision-maker          

3D fully coupled 
groundwater model

2D groundwater 
model

point-scale 
model

Required 
time and 
money 
investment

Help!



Groundwater modeling
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Model

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

Independent variables, 
driving forces, or stresses

dependent variable



Lumped-parameter groundwater models

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

Common stresses include:

- precipitation
- pot. evaporation
- temperature
- pumping
- surface water levels
- tides
- … 
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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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Modeling using Python scripts
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Why model head time series?

04.02.25 22

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.



Example: Identifying stresses on the groundwater system
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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.

https://doi.org/10.1111/j.1745-6584.2007.00382.x
https://doi.org/10.1111/j.1745-6584.2007.00382.x
https://doi.org/10.1111/j.1745-6584.2007.00382.x


Example: Gap-filling
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Peterson & Western (2018). Statistical interpolation of groundwater hydrographs. Water Resources Research, 54, 4663-4680.

https://doi.org/10.1029/2017WR021838


Example: Outlier detection 
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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.

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
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What is the impact of groundwater pumping 
on the heads?  

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
Figure: Effect of pumping on the head. Source: Brakenhoff et al. (2022)

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
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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

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: Forecasting groundwater levels 
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Where might the water table be in one month?

We can drive a Pastas model with ensemble 
forecasts of meteorology to obtain probabilistic 
groundwater level forecasts.

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



Example: Supporting Numerical Model development
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How may time series analysis help?

1. Test conceptual model hypotheses

2. Engage stakeholders

3. Support model design

4. Provide calibration targets

Figure source: Collenteur et al. (2022) Presentation at MODFLOW and More 
2022, Princeton, USA
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Case study: Time series analysis with Pastas
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Case study: Time series analysis with Pastas



Cross section



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



Groundwater head measurements



Time series model



● 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



Model groundwater level time series with Pastas

Session Title Topics Covered

1 Analysing time series with Pandas • Load and analyse time series data
• Plot time series
• Correct missing values
• Prepare data for Pastas models

2 Setting up your first Pastas Model • Understand impulse response functions
• Build a basic Pastas model
• Perform calibration
• Analyse results and model parameters

3 Different model structures for Pastas • Add stresses (e.g., pumping)
• Account for precipitation and evaporation
• Build and compare complex models

4 Model calibration and analysis • Improve calibration settings
• Model residuals using noise models
• Statistical analysis of residuals
• Intro to model uncertainty



Over to Python

KEEP 
CALM
AND

PYTHON
ON



Summary

● Pastas is open-source Python software to analyze and 
model groundwater level time series

● A four-part online course will introduce you to how to 
use Pastas to solve groundwater problems

● The course will cover the theory behind impulse 
response functions, and provide hands-on experience 
and scripts to model your own data

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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