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Summary
The GMDSI tutorial notebooks repository provides learners with a comprehensive set
of tutorials for self-guided training on decision-support groundwater modelling using
Python-based tools. Although targeted at groundwater modelling, the tutorials are based
around model-agnostic tools and readily transferable to other environmental modelling
workflows. The tutorials are divided into three parts. The first covers fundamental
theoretical concepts. These are intended as background reading for reference on an as-
needed basis. Tutorials in the second part introduce learners to some of the core concepts
of parameter estimation in a groundwater modelling context, as well as provide a gentle
introduction to the PEST, PEST++ and pyemu software. Lastly, the third part demonstrates
how to implement highly parameterized applied decision-support modelling workflows.
The tutorials aim to provide examples of both “how to use” the software as well as “how
to think” about using the software. A key advantage to using notebooks in this context is
that the workflows described run the same code as practitioners would run on a large-scale
real-world application. Using a small synthetic model facilitates rapid progression through
the workflow.

Story of the Project

The Groundwater Modelling Decision Support Initiative (GMDSI) is an industry-backed
and industry-aligned initiative. Established in mid-2019, its primary goal is to enhance
the role of groundwater modelling in groundwater management, regulatory processes, and
decision-making. GMDSI promotes the improved use of modelling in decision support,
with activities focused on industry engagement, education, practical examples, research,
and software development. It also emphasizes the importance of tools for uncertainty
quantification (UQ) and parameter estimation (PE) in these processes.

The roots of the materials making up the tutorial notebooks were from a traditional,
week-long classroom course curriculum developed for internal training at the US Geological
Survey (USGS) by a subset of the authors of this paper. After three iterations of teaching
the in-person class, the authors, with support from the GMDSI, endeavored to build on the
positive aspects of using Jupyter Notebooks and explore alternative teaching environments.
The first major change was to add sufficient narration and explanation to the notebooks
to improve possibilities for self-study. The next change was to reorganize the content
from a strictly linear progression to a three-part structure. This led to a hybrid model of
self-study accompanied by discussion and background lectures online.
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Statement of Need

Many groundwater modelers typically rely on Graphical User Interfaces (GUIs) for their
modelling needs. However, each GUI has its unique characteristics and varying degrees of
compatibility with external software like PEST (Doherty, 2015) and PEST++ (Jeremy
T. White et al., 2020). Creating educational materials for these GUIs would necessitate
tailoring content to each GUI’s specific features, obtaining cooperation from the GUI
developers themselves and potentially lagging behind the latest developments. Many GUIs
are commercial products as well which limits accessibility.

Decision-support modelling often demands capabilities that surpass what current GUIs
can offer. Thus, the use of Python for environmental modelling has increased in recent
years, due to its open-source nature, user-friendly syntax, and extensive scientific libraries.
Python-based tools have been developed to facilitate UQ and PE analyses, such as pyemu
(Jeremy T. White et al., 2016b; Jeremy T. White et al., 2021). pyemu is a Python
package that provides a framework for implementing UQ and PE analyses with PEST and
PEST++. It offers a range of capabilities, including parameter estimation, uncertainty
analysis, and management optimization. Although initially designed for groundwater
modelling, pyemu’s methodologies are versatile and can be applied to diverse numerical
environmental models, Anecdotally, we have seen that more modelers are turning to
Python packages like FloPy (Bakker et al., 2016) and pyemu (Jeremy T. White et al.,
2016a) for model and PEST++ setup. Unfortunately, the adoption of this approach is
hindered by a steep learning curve primarily due to the scarcity of user-friendly training
materials.

The GMDSI tutorial notebooks aim to address this gap by providing a comprehensive,
self-guided, and open-source resource for learning decision-support modelling workflows
with Python. They are designed to be accessible to a broad audience, including students,
researchers, and practitioners who aim to undertake applied environmental decision-support
modelling.

Contents and Instructional Design
The tutorial notebooks are structured into three main parts:

Part 0: Introductory Background
Part 0 serves as the foundation, providing essential background material. Each notebook
in Part 0 is standalone and covers a unique topic. These include:

• Introduction to a synthetic model known as the “Freyberg” model (Freyberg, 1988).
This model is used as a consistent example throughout the tutorial exercises, allowing
learners to apply concepts in a practical context.

• An introduction to the pyemu Python package that is used to complement and
interface with PEST/PEST++.

• Explanation of fundamental mathematical concepts that are relevant and will be
encountered throughout the tutorial notebooks.

Pre-requisites for Part 0 include a basic understanding of Python, Jupyter Notebooks, and
MODFLOW 6 (Langevin et al., 2022). Familiarity with git is a bonus but not fundamental.

Part 1: Introduction to PEST and the Gauss-Levenberg Marquardt Approach
Part 1 focuses on the Gauss-Levenberg Marquardt (GLM) approach to parameter estima-
tion and associated uncertainty analysis in a groundwater modelling context.
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Part 1 is designed to be accessible without strict sequential dependencies. Learners have
the flexibility to explore its contents in any order that suits their preferences or needs.
These include:

• Introduction to concepts such as non-uniqueness, identifiability, and equifinality.
• Introduction to the PEST control file and the PEST/PEST++ interface.
• Exploring the challenges of parameterization schemes on predictive ability, as well

as how to mitigate them.
• Introducing first-order second-moment (FOSM) and prior Monte Carlo uncertainty

analysis approaches.

Pre-requisites for Part 1 include a basic understanding of numerical groundwater modelling
and familiarity with MODFLOW 6. Familiarity with Python and Jupyter Notebooks is
assumed.

Part 2: Python-based Decision-Support Modelling Workflows
Part 2 expands on the foundational knowledge gained in Part 1 and delves into advanced
topics related to ensemble-based parameter estimation, uncertainty analysis and optimiza-
tion methods. These advanced topics include management optimization and sequential
data assimilation and assume a highly parameterized approach, as motivated in Part 1.
Topics are laid out in manner that reflects real-world workflows, with a focus on practical
application of concepts and problem solving.

Learners have the option to explore various sequences, in line with real-world applied
workflows, such as:

• Prior Monte Carlo analysis
• Highly parameterized Gauss-Levenberg Marquardt history matching and associated

Data Worth analysis using First Order, Second Moment (FOSM) technique,
• Ensemble-based history matching and uncertainty analysis with the iterative ensemble

smoother approach as implemented in PEST++IES,
• Sequential data assimilation with PEST++DA, and
• Single-objective and multi-objective optimization under uncertainty with PEST++OPT

and PEST++MOU.

Each of these sequences comprises multiple notebooks to be executed in a specified order.
They demonstrate how to execute the workflow, interpret results, and apply the concepts
to real-world problems.

The flowchart below gives an example of a curated learning flow for a common decision
support modelling application. Over time, referring back through Part 1 will provide a
deeper understanding of some concepts and techniques taken for granted in the highly
parameterized, largely ensemble-based approaches of Part 2.
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Figure 1: Example notebook learning flow demonstrating a comprehensive workflow for an applied, ensemble-
based management optimization .

Pre-requisites for Part 2 include a basic understanding of PEST/PEST++ and the PEST

interface, as well as familiarity with the Freyberg model. Familiarity with Python and
Jupyter Notebooks is assumed.

Experience of use in teaching and learning situations
The notebooks were employed during the Applied Decision Support Groundwater modelling
With Python: A Guided Self-Study Course hosted by GMDSI. This self-guided course
comprised 5 online sessions, each lasting 1 to 2 hours and focused on the workflows of Part
2. During each session the instructors go through a section of the tutorials and expand on
some of the concepts. Sessions were recorded and can be accessed on the GMDSI YouTube
channel. Beyond the live online sessions, learners were encouraged to make use of the
GitHub Discussions feature to retain a search-engine findable record of common questions
that persist beyond the time frame of the course .

Feedback from the 65 students who participated in the course was anecdotal but informative.
Figure 2 summarizes the responses by 34 respondents to four questions, comprising 52%.
The majority of respondents indicated a preference for this hybrid self-guided/online
instruction approach over an in-person week-long intensive class.

Open-ended feedback from the participants was generally positive and also included some
constructive criticism. Participants appreciated the opportunity to ask questions and
several reported hearing the discussion around other peoples’ questions as being valuable
and clarifying aspects of the material.
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Figure 2: Summary of responses to post-course survey based on 34 responses. Panel A summarizes whether
respondents would prefer an intensive in-person workshop or this hybrid option. Panel B summarizes how
much of the notebooks respondents were able to complete throughout the course. Panel C summarizes
respondent comfort level with PEST++ before and after the course. Panel D highlights individual changes in
comfort level reported due to the course.
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