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Highlights.
- HydroModPy is an innovative toolbox leveraging geospatial/geomorphological processing for advanced subsurface
flow and transport modeling.
- HydroModPy facilitates the automatic collection of data and deployment of shallow groundwater models at catchment
scale.
- HydroModPy is well-suited for both research and education, enabling the analysis of critical zone processes to address

key water resource management challenges.
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Abstract. In response to the growing demand for groundwater flow models, we present HydroModPy, an open-source toolbox
designed to automate their deployment at the catchment scale. Built on top of the MODFLOW-enabling FloPy library,
HydroModPy combines the robust WhiteboxTools toolbox for geospatial analysis and the well-validated MODFLOW code
for groundwater modeling. This Python-based toolbox streamlines the construction, calibration, and analysis of unconfined
aquifer models while adhering to FAIR (Findable, Accessible, Interoperable, and Reusable) principles. It enhances model
reproducibility through editable Python code, supports multi-site deployment, and provides compatibility with alternative
groundwater flow solvers. Furthermore, it integrates pre- and post-processing functionalities to simplify workflows. The
toolbox enables catchment delineation and hydrological feature extraction from DEMs, followed by semi-automatic model
construction and advanced visualization of hydraulic head and flow results. Users can choose from predefined aquifer structures
and hydraulic properties such as exponential decay of hydraulic conductivity and porosity with depth or import complex 3D
geological models. HydroModPy outputs can be exported in standard formats (e.g., raster, shapefile, netCDF), including water
table elevation, water table depth, groundwater storage, groundwater-dependent hydrographic network and streamflow rates,
and subsurface residence times. HydroModPYy is tailored for the deployment in diverse geomorphological and hydrological
settings, enabling the testing and exploration of aquifer models under varying recharge conditions. Its deployment capabilities
are demonstrated in complex shallow basement and crystalline aquifers, where topography and geology primarily govern
groundwater flow dynamics from hillslope to catchment scales. As an open-source toolbox, HydroModPy is designed for the
community and actively encourages contributions from its users. It supports research in hydro(geo)logy and land and water

management, while also providing valuable opportunities for teaching and education.

Keywords.

Watershed delineation; numerical modeling; groundwater flow; residence times; shallow aquifers; subsurface-surface
interactions; catchment hydro(geo)logy; automatic python deployment



50

55

60

65

70

75

80

https://doi.org/10.5194/egusphere-2024-3962
Preprint. Discussion started: 8 January 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

1. Introduction

Setting-up groundwater catchment-scale models is essential to study both quality and quantity of water resources. Nevertheless,
it often requires the use of a significant number of software packages and libraries, not to mention the programming skills
needed to link the various tools available. Even when it does not pose conceptual difficulties, model development continues to
raise practical issues of time mobilization, simulation replicability and maintenance. Especially, the extension of a model
developed in one site to other comparable sites is confronted, among others, with limiting development practices of local
parameterization, manual transfers of information between successive software packages, lack of documentation, difficulty in
identifying simulation stages and specific features. While using graphical user interfaces (GUIs) (Trefry & Muffels, 2007;
Winston, 2009), first simplifies the development of models thanks to their high level of simplicity and intuitiveness, they limit
the model replicability and transfer to other sites, the exploration of parameters, sensibility, and uncertainty analysis across
various model areas. Shifting from the GUI to more systematic approaches is frequently a challenge by itself.

Several tools have been developed to address these technical difficulties (Bakker et al., 2016; Bakker & Kelson, 2009;
Veléasquez et al., 2023). They can be classified into three categories: those that facilitate execution, those that provide coupling
and those that automate deployment. They use interpreted programming languages (Larsen et al., 2022; Stacke & Hagemann,
2021; Velasquez et al., 2023) such as R, Matlab or Python, which have gained popularity in the fields of science and engineering
(Pérez et al., 2011). In the first category, Python tools provide interfaces to access existing advanced software. An example of
this is FIoPy, a set of Python scripts designed to run MODFLOW-related groundwater programs. In the second category,
additional software offers additional functionalities. For example, GSFLOW and GroMoPo (Gardner et al., 2018; Zipper et al.,
2023), propose an external surface-subsurface coupling (Crystal Ng et al., 2018; Guillaumot et al., 2022; Jing et al., 1989;
Markstrom et al., 2008; Naz et al., 2023). There have been so far fewer developments in the third category for automatizing
the deployment of models (Staudinger et al., 2019) to integrative development, replicability, and exportability of
hydrogeological models.

While modeling tools provide a framework for developing hydrogeological models, the process of effectively applying it to a
particular study site, remains complex and requires careful consideration of the assumptions, data, and methods used.
Furthermore, the complexity increases when attempting to apply or deploy a model across multiple sites. To address these
technical challenges in hydrology, we developed a new Python toolbox called HydroModPy, designed to automatically build,
run, explore, and visualize the results of shallow catchment-scale hydrogeological models. We propose various approaches for
implementing hydraulic properties, ranging from homogeneous to complex and heterogeneous fields (Orth et al., 2015). Thus,
HydroModPy aims at enhancing our capacities to quantify geomorphologic, climatic and hydrogeological controls on the
subsurface water cycle within a broad range of catchments. The toolbox relies on codes and open-source packages to perform
three main tasks. The first step delineates catchment domains from a Digital Elevation Model (DEM) and provides extraction
and discretization tools for groundwater flow modeling. Furthermore, in this initial step, functions are provided to extract data

needed to constrain the hydraulic parameters (such as streamflow rates, piezometric measurements, geological maps, etc.) and
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define climatic forcing, i.e. groundwater recharge from existing national and global databases. The toolbox implements
standard procedures to set up and run batches of simulations across different catchments using standardized inputs. In the
second step, it calls the groundwater software to encapsulate the setup and execution of hydrogeological simulations. The third
step generates outputs in standard geospatial formats (such as GeoTIFF, netCDF, shapefile, etc.) and provides 2D/3D
visualization tools to facilitate the exploration and comparison of model results.

This paper describes the framework of HydroModPy. First, we present the general workflow, its architecture and its five main
components with their specific functions. Second, we demonstrate the deployment of HydroModPy at a regional scale across
multiple catchment site models. Finally, we discuss the key features of HydroModPy, highlighting potential improvements for

its future development for applications, as well as its potential for educational purposes.

2. Workflow and code description

HydroModPy is structured into five main components of (1) watershed extraction defining the model domain area, (2) model
conceptualization and retrieving public/private data, (3) parametrization of the hydrogeological model, (4) computation of
groundwater flows and particle tracking and (5) standardized outputs and visualization capacities (Figure 1). It relies as much
as possible on existing, well-validated and broadly used python packages. General data structures are provided by numyy
(Harris et al., 2020), pandas (McKinney, 2010) and xarray (Hoyer and Hamman, 2017). A Python-based APl (Application
Programming Interface) allows users to interact with the model through a well-defined interface. The API revolves around the
Watershed object, which acts as a central orchestrator. This object is created by calling a static method: watershed_root (Code
1). Once the Watershed object is instantiated, users can call various methods on it to modify its state. The API is designed to
be expressive, enabling users to define, manipulate, and solve hydrogeological models through simple method calls, making it
accessible for both experts and non-experts in the field. For example, by calling methods on the Watershed object, users can
configure forcing inputs, aquifer parameters, set boundary conditions, and run simulations, allowing for flexible and efficient

modeling of different hydrological scenarios.

2.1.  Watershed extraction defining the model domain area

HydroModPy allow to delineate the geographical boundaries of the model domain (geographic.py) extracting the catchment
area using classical Geographic Information System (GIS) functions relying on WhiteBoxTools (Lindsay, 2016) complemented
by other packages such as GDAL (GDAL/OGR contributors, 2024), rasterio (Gillies & others, 2013) to manage raster, and
geopandas (Jordahl et al., 2020) to manage shapefile. HydroModPy defines the model domain area using one of the following
sources: (1) a Digital Elevation Model (DEM) directly, (2) a shapefile to clip a specific area from a larger DEM, or (3) the
outlet coordinates (XY) to extract catchment is from a sufficiently large DEM (Figure 2a). By default, HydroModPy adopts
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the projected coordinate reference system (CRS) of the input DEM. From this initial DEM, geospatial processing is performed
using WhiteBoxTools (Lindsay, 2016), labelled WBT in the following. To extract the boundary of the watershed, the DEM is
corrected by filling all local depressions and removing flat areas (WBT.FillDepressions) to ensure that the surface flow of
water is continuous across each cell of the DEM. When the modelled domain is defined from the outlet coordinates, a flow
direction raster (WBT.D8Pointer) and flow accumulation raster (WBT.D8FlowAccumulation) derived from the corrected
DEM. To allow groundwater divides to extend beyond the catchment boundaries (Staudinger et al., 2019), a buffer (geopandas)
zone can be added to the extracted catchment, enlarging the model domain. This buffer should increase with aquifer depth to
accommodate longer groundwater flow paths. The catchment and model domain are finally generated and stored as raster and
shapefile files (WBT.Watershed).

&HydroModPy
- RO
Model conceptualization and

geograf?ic.py retrieving public/private data
@ / subbasin.py " -
@ rias.py ?.

exPOﬂnethf'p y WhiteboxTools era?.py
2Dv.r:sualfzat{on. py Q gﬁgrggg;); voy
SDvisualization.py | oo Relay and source script hydrography.py
\ | watershed_root.py |Q'} hydrometry.py
intermittency.py

@ Computation of groundwater meteofrance.py
flows and particle tracking oceanic.py

L . try. py
modflow.py Parametrlzatl_on of the plezome
O modpath.py @ hyd.roge'ologlcal model
& ] downslope.py climatic.py
timeseries.py geometric.py
;Ig;yF;LOW-MODPATH hy g{auhc'p y
settings.py

Figure 1. Global workflow of HydroModPy displaying the organization and the name of the Python files for handling 5 major stages
of the toolbox.

2.2. Model conceptualization and retrieving public/private data

The groundwater model is built and constrained from generally accessible sources and databases or user's own data (BRGM,
2006; Dequesne & Portela, 2024; Le Moigne et al., 2020; Nowak & Durozoi, 2012). It includes the geological structures
(geology.py), the hydrographic network (hydrography.py), streamflow rates (hydrometry.py) and stream intermittency

(intermittency.py). These data can be used to constrain the model focusing on subsurface-surface interactions. The aquifer
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recharge (climatic.py) is included as source terms, sea level (oceanic.py) as a boundary condition for coastal aquifers, and
piezometric levels are used to compare modelled to observed aquifer levels (piezometry.py). The study site data are retrieved
as much as possible from national and global databases or added manually. They are expressed as timeseries or georeferenced
maps within the modelled area to ensure accurate localization (Figure 2b). To sum up, HydroModPy facilitates the retrieval
and the clipping of hydrology, piezometry, hydrometry, oceanic, climatic, and geological data belonging to the catchment of
interest. By default, this is how a model is conceptualized and built in HydroModPy:

Spatial discretization is defined by the resolution of the DEM as a structured mesh or can be adjusted by the user. The depth
discretization is defined by the number of layers set by the user.

Boundary conditions. The DEM defines the upper boundary of the model. The water table height is limited by the surface
potentially triggering seepage. By default, seepage is not re-infiltrated into the aquifer and considered as either runoff or direct
contributions to streams. Without any other information, no-flow boundary conditions are applied to the sides of the modelled
domain. Constant hydraulic head can be imposed at prescribed domain limits to represent the boundary condition imposed by
an ocean/sea/lake. Modelled cells where the elevation of the DEM is lower than the imposed hydraulic head are considered as
fixed head boundary conditions.

Initial conditions. The initial state is taken as the steady state of the system, constrained by the mean of the recharge chronicle
or an imposed value.

Temporal discretization. The recharge timeseries determines the temporal discretization of the model. An option is available
to downscale (e.g. daily to monthly) the recharge timestep to reduce the computation time.

Recharge (Figure 2c). Recharge is assumed uniform over the watershed and operates on each cell of the model at the top of
the water table. Distributed recharge can also be applied thorough a raster or a NetCDF file. The model is run in steady state

when a single value is provided for the recharge.

2.3.  Aquifer parametrization of the hydrogeological model

Input format and structures enable parameter explorations and sensitivity analysis to facilitate model calibration. Main
parameters are the hydraulic properties of the aquifer and its geometry. By default, this is how a model is parameterized in
HydroModPy, with all parameters remaining fully customizable by users:

Hydraulic properties. The hydraulic conductivity K and, in case of transient simulations, the storage coefficients S of the
aquifer (specific yield Sy and the specific storage Ss) are set by default uniform and isotropic over the modelled domain.
Aquifer geometry. Model thickness can be defined as constant, with an aquifer bottom parallel to the topography, or variable
with an aquifer bottom at defined altitude (flat bottom or bottom elevation fixed for each cell informed by a raster given as
input). The model thickness is discretized according to the number of layers set by the user. The thickness of the layers can be

either constant or variable (increasing exponentially with depth).
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Heterogeneity structure. Lateral heterogeneity of the hydraulic properties can be specified through a mask representing the
geological model (De La Varga et al., 2019; Los Alamos National Laboratory, 2016) or other structures. Depth-dependent
hydraulic properties can be incorporated by assigning different values to each model layer, such as implementing an exponential

decrease, which is easily parameterized by the user.

2.4. Computation of groundwater flows and particle tracking

Within its modular structure, HydroModPy can include other computational methods and software (Figure 2d). It is currently
based on MODFLOW-NWT, a Newton-Raphson formulation for MODFLOW-2005 (Harbaugh, 2005; Niswonger, 2011)
through the library FloPy (Bakker et al., 2016; Hughes et al., 2023) (modflow.py and modpath.py). HydroModPy is especially
suited for shallow unconfined aquifers. It particularly contributes to quantifying groundwater contributions to streams through
the analysis of baseflow dynamics and spatio-temporal distribution of the hydrographic network. Currently, based on
MODFLOW, recharge is directly transmitted to the watertable, and the unsaturated zone is not simulated. In HydroModPy the
fully convertible layer type is applied, i.e. a cell is confined if the overlying cell contains groundwater and, otherwise,
unconfined. For a confined (resp. unconfined) layer, the storage coefficient is the vertically integrated specific storage (Ss)
(resp. specific yield Sy). When recharge input of the model in negative, the evapotranspiration package (EVT) is activated at
the first layer with its default settings, assuming direct evapotranspiration from the water table.

Computations provide watertable levels, seepage flows, groundwater flows and groundwater storage. Using the DRAIN
package of MODFLOW, seepage areas result from the water table fluctuation and interception with the surface (Anderson et
al., 2015). Surface flows resulting in a continuous hydrographic network from seepage pixels are computed using surface
accumulation fluxes following the steepest topographic gradient (downslope.py). Furthermore, particle tracking with
MODPATH suite (Pollock, 2012, 2016) provides information on the organization of subsurface flow paths and associated

residence times.

2.5. Standardized outputs and visualization capacities

Output results. HydroModPy stores input data, model domain characteristics and simulation results in standard formats. The
results are automatically stored in a designated directory by the user. Two folders are generated: “results_stable” for the model
area data and “results_simulations” for hydrogeological simulation data. Input data and model output are structured in classical
file formats: raster (.tif), netCDF (.nc), text file (.csv), and shapefile (.shp) to facilitate the use of visualization software like
QGIS (QGIS Development Team, 2024) or PARAVIEW (Ahrens et al., 2005). This ensures seamless analysis and
interpretation of hydrological model outputs across different platforms and applications. The outputs of hydrogeological

models include watertable elevation, watertable depth, seepage areas, seepage outflow, groundwater flux, groundwater storage,
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persistency index (spatio-temporal water occurrence) and accumulation flux (more detailed in the documentation).
Additionally, a Watershed object is created as a “python_object” to store all geographic and input data providing a track of the
whole model parametrization and therefore facilitating reuse for further analyses. This object avoids to re-extract watershed
information during step 1 of HydroModPy, which helps to run efficiently several hydrogeological models.

Visualization of model data and model results can be performed in 2D using matplotlib (Hunter, 2007)
(visualisation_watershed.py and visualisation_results.py) and in 3D visualization using vedo (Musy et al., 2022) standard .vtk
files (export_vtuvtk.py). In 2D, users can map the location of the watershed in the regional DEM with
visualization_watershed.watershed_local, the topography of the watershed with visualization_watershed.watershed_dem, and
the geology of the watershed with visualization_watershed.watershed_geology. Additionally, model characteristics and results
can be mapped over the catchment (Figure 2e-i, visualization_results.visual2D function). It includes the topography and model
grid, the water table levels and the water table depth. Subsurface pathlines can also be plotted over the catchment as the
trajectory of the injected particles. Furthermore, HydroModPy provides the ability to map groundwater seepage flows and the
accumulated surface flows as well as the residence times of the groundwater discharging to the stream. These figures are created
using the Python packages matplotlib for the organization of the figures and the visual aspect, geopandas to manage the
shapefiles, rasterio to manage the rasters and xarray to manage the NetCDF. An interactive exploration of piezometric levels
at each point of the model is also possible thanks to the development of the interactive tool
visualization_results.interactive_cross_section. Similarly, using .vtk files, the visualization_results.visual3D function
leverages the vedo package to provide interactive 3D representations of features such as topography, water table levels, water

table depth, surface flow, groundwater seepage flow, pathlines, and residence times.
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outflow, pathlines and residence times.

3. Deployment on multiple sites

3.1. Methodology and calibration

Groundwater flow models were built with HydroModPy on 32 unconfined aquifers located in the Normandy and Brittany

regions of France (Figure 3a), two of them being published (Abhervé et al., 2023; Le Mesnil, et al., 2024). For each catchment,

the model domain was determined by the catchment outlet coordinates (Table 1) using the 75 meters Digital Elevation Model
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(DEM, Figure 3a) sourced from BD ALTI® (IGN, 2011). The aquifer top was set equal to the topography and the aquifer
bottom was set at 30 meters below the land surface, representing the typical depth of the interface between the weathered,
fissured, or fractured zone and the fresh bedrock in Brittany (Cornette et al., 2022; Dewandel et al., 2012; Mougin et al., 2015;
Roques et al., 2016). All models have a single layer. The recharge R was extracted from the SAFRAN-ISBA model (Le Moigne
et al., 2020) and was assumed homogeneous over the domain. Transient simulations were carried out over 3 years at monthly
time steps. The hydraulic conductivity K and specific yield Sy were assumed homogeneous. Each model was calibrated using
the observation of the perennial stream network (Abhervé et al., 2023), the stream intermittency (Nowak & Durozoi, 2012) and
streamflow rates following the methodology of Abhervé et al., 2024. The hydraulic conductivity K was first determined by
calibrating the steady-state simulated stream network on the perennial stream network given by BD TOPAGE (IGN, 2020),
using a dichotomy method performed on K initially range between 10-° and 10 m.s* (Figure 3a) (Domenico & Schwartz,
1998; Freeze & Cherry, 1979). The relevant simulation was obtained by calibrating the model to minimize the Dogtim Criteria
given by Abhervé et al. (2023). The distance Dopim is defined as the average of Dso and Dos, where Dso represents the average
distance from the simulated stream network pixels to the nearest downslope observed stream network (Figure 3b), and Dos
represents the average distance from the observed stream network pixels to the nearest simulated stream network (Figure 3c).
The smaller the value of Dopim, the better the match of the simulated seepage pattern and the observed stream network. The
specific yield Sy was then calibrated comparing the simulated total streamflow at the catchment outlet with the measured data,
using computing the Nash and Sutcliffe Efficiency criteria NSEjog (Nash & Sutcliffe, 1970; Oudin et al., 2006) (Figure 3e).
The best model was selected from a set of 10 values, regularly spaced, explored within the range of 0.1% to 10% (Figure 3d).
The consistency of the saturation (pattern of seepage areas) and the stream intermittency (Figure 3f) are used for validation to
confirm the optimal Sy value obtained through the NSE o on streamflow.

Within HydroModPy, this methodology can be applied with only a few lines of code as shown below (Code 1). A for loop has
been implemented to explore the outlet coordinates of the 32 catchments, build groundwater model, set parameters, run

simulation and generate model outputs.

10
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Code 1. Example of a conceptual script for running a model with HydroModPy on two different catchments (Nangon and Canut).

import hydromodpy.src as hmp

outlet_coord_list
regional_dem_path

[['Nangon', 389358, 6816630], ['Canut', 327811, 6777901]]
'C:/User/Europe_SRTM30m.tif'

for catchment_site in outlet_coord_list:
#1 - Watershed extraction defining the model domain area
W = hmp.watershed_root(regional_dem_path, outlet_coord_XY=catchment_site)

#2 - Model conceptualization and retrieving public/private data
W.climatic.update_recharge(R=10, time_series=False)

#3 - Parametrization of the groundwater flow and transport models
W.hydraulic.update_parameters(lay=1, thick=30, K=1le-5, Sy=1)

#4 - Hydraulic conductivity calibration (Abhervé et al., 2023)
K = W.calib.hydraulic_conductivity(first=1e-5, last=1e-3, method="'dichotomy', obs='streams')

#5 - Specific yield exploration (Abhervé et al., 2024)
Sy = W.calib.specific_yield(first=0.001, last=0.1, method='exploration', obs='streamflow')

#6 - Parametrization of the groundwater flow and transport models
W.hydraulic.update_parameters(lay=1, thick=3@, K, Sy)
W.settings.update_particles(loc= 'seepage ', track_dir= "backward ')
W.model_preprocessing(build_model=True, sim_state='steady')

#7 - Computation of groundwater flows (MODFLOW) and particle tracking (MODPATH)

W.model processing(gw_flow=True, particle_tracking=True)

W.model postprocessing(watertable_elevation=True,
watertable_depth=True,
seepage_areas=True,
accumulated_outflow=True,
particles_pathlines=True,
residence_times=True,
stream_intermittency=False,
groundwater_flux=False,
groundwater_storage=False)

#8 - Standardized outputs and visualization
W.visualization_2D(maps_view=True, cross_section=True)
W.visualization_3D(interactive=True, export_vtk=True)
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290 Figure 3. Workflow and results for the estimation of hydraulic conductivity K and specific yield Sy for 32 catchments (a) The best
value of hydraulic conductivity K versus Dopiim. The color bar represents the relative catchment size. The green square is the Nancon
catchment. (b) Simulated hydrographic network represented with the distance Dso from simulated seepage pixels to nearest
downslope observed stream network. (c) Similar representation for Dos. (d) The best value of specific yield Sy obtained for each
catchment versus the associated |1-NSEiog| criterion. The green line represents the objective function of the Nangon catchment. (e)

295 Comparison of the observed and simulated specific streamflow at the catchment outlet Q. The black line is the 1:1 line. (f) .
Representation of the persistence index of the simulated results indicating the maximum (orange lines, highly intermittent) and
minimum (dark blue lines, perennial) extents of the simulated stream network.
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3.2.  Results and computation time

Across all the studied sites with an identical DEM resolution, the computation time depends on the catchment area (Figure 4).
It ranges from 0.54 min for the smallest catchment (the Guic catchment; 2 800 cells for an area of 7.3 km?) to 86.95 min for
the largest one (the Hyeres catchment; 207 152 cells for an area of 526 km?) (Table 1). The computation time is insensitive to
the area for areas smaller than 20 km?, corresponding to cases for which the operations necessary to prepare the catchments,
manage the results and draw the figures take more time than groundwater flow computation with MODFLOW. For larger areas,
the groundwater flow computational time becomes dominant and scales as a function of the area to the power of 1.5 both in
steady-state and in transient-state, a characteristic of the numerical schemes used in MODFLOW (Harbaugh, 2005; Niswonger,
2011). For areas larger than 100 km?, the computations in transient state take on average 3.5 more time than in steady state.
This shows that most of the computing time is spent calculating flows when the number of cells exceeds around 10 000, which

corresponds to a one-layer model of about 20-30 km? at a resolution of 75 meters.
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Figure 4. Evolution of the computation time in steady- and transient-state (3 years with a monthly time-step) with the catchment area
for the 32 catchments of Normandy and Brittany (France). Computation times in minutes have been obtained on an Intel® Xeon®
CPU E5-1620 v3 @3.50GHz (4 cores, 8 threads).

This deployment demonstrates the ability of HydroModPy to address a wide range of hydrological conditions across varying
catchment scales and topographies. Calibration is good for all catchments with low Dopim Values and NSE g values greater than

0.75 (Figure 3), indicating a good fit between the simulated and observed stream networks and streamflow, respectively. By
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automating the modeling process through Python scripting, the workflow is significantly streamlined, enabling the systematic
calibration of hydraulic conductivities K and specific yields Sy. Furthermore, the quality and coherence of the results can be
easily assessed thanks to the generation of graphics of the calibration performances (Figure 3b), streamflow (Figure 3c) and
water table fluctuations (here stream network dynamics, Figure 3d). For example, for the Nangon catchment (67 km?, 27 004
cells, Figure 3a), the hydraulic conductivity is calibrated on the observed extension of the perennial stream network (Figure
3d) at a value of 6.40x10° m.s?, which lies in the range of the values previously determined by Dewandel et al. (2021) with
other local methods. A specific yield of 1% is calibrated on the observed stream flows with a NSE o4 equal to 0.86. The overall
close agreement between observations and simulations confirms the consistency of the model and its parameters in representing

groundwater dynamics and its interaction with the surface in the studied catchments.

Table 1. Calibration performance criteria for the 32 calibrated models including the watershed name, watershed outlet coordinates
(x-y) in the Lambert93 reference system (EPSG:2154), watershed area (km?), and number of model cells. The number of simulations
(in dichotomy method for K and exploration method for Sy), computation time (minutes), calibrated values and calibration criteria
(Doptim and NSEieg) are shown for hydraulic conductivity K (m.s*) and specific yield Sy (%0). Performances of calculations are given
in computation times (minutes) on an Intel® Xeon® CPU E5-1620 v3 @3.50GHz (4 cores, 8 threads) processor, and 64 GB of memory
for the steady-state models run for K and the transient-state models run for Sy.

Hydraulic conductivity (K) Specific yield (Sy)
- TS Outlet coordinates X, Y | Area Number l\.lumbe.r of C(.)mputa.tion K (m.s.'l) Depi (M) l\.lumbe.r of C(fmputa.tion Sy (°/¢?) NSEiog ()
[m] RGF93 - EPSG:2154 | (km?) of cells |simulations| time (min) best fit simulations| time (min) best fit

1 Langelin 180600, 6801050 7.0 2968 11 0.61 8.94x10° | 161.32 9 0.50 0.25 0.93
2 Guic 213828, 6842804 7.3 2800 9 0.49 2.79%x10* | 278.81 9 0.54 1.0 0.91
3 Mougau-Bihan 182977, 6833659 8.7 3577 12 0.69 2.66x10° | 28.35 9 0.50 0.5 0.95
4 Cheéze 328853, 6784875 9.3 4757 12 0.67 4,10x10° | 179.80 9 0.53 0.05 0.78
5 Troyon 159125, 6781221 12.4 6156 11 0.64 9.03x10° | 103.01 9 1.12 1.0 0.92
6 Lestolet 238179, 6827960 14.2 5395 10 0.57 1.63x10* | 105.50 9 1.14 1.0 0.95
7 Fremeur 255903, 6776413 15.1 5226 12 0.77 2.95x10°° 74.05 9 0.79 0.25 0.93

Styval 186625, 6776584 23.9 9545 12 0.78 2.76x10° | 29.20 9 1.39 0.5 0.90
9 Canut 327811, 6777901 26.3 9344 11 0.92 9.13x10°° 40.29 9 1.74 0.05 0.82
10 Pont-Abbé 159764, 6781187 321 14742 12 1.01 2.66x10° 85.93 9 2.18 0.5 0.89
11 Urne 275188, 6833965 404 16731 12 1.49 2.90x10° | 148.88 9 2.69 0.1 0.94
12 Dourduff 201590, 6855584 45.0 18688 13 131 1.75x10°° 73.39 9 2.45 0.25 0.88
13 Coét-Organ 237193, 6774264 477 19096 12 1.01 4.11x10° | 103.41 9 3.53 1.0 0.95
14 Yar 216004, 6858690 59.0 25669 12 1.65 4.61x10° | 70.02 9 4.68 1.0 0.95
15 Nancon 389358, 6816630 67.0 27004 11 1.49 6.40x10° | 107.50 9 5.60 1.0 0.91
16 Loysance 372020, 6823398 81.5 33258 13 1.78 2.40x10° | 72.20 9 5.25 1.0 0.93
17 Isole 202959, 6786302 97.3 53865 11 2.54 7.77x10°° 89.53 9 12.88 1.0 0.95
18 Ille 353670, 6809810 103.0 52245 12 1.98 3.10x10° | 139.10 9 7.92 0.05 0.81
19 Guindy 240725, 6871783 125.0 69715 11 2.92 5.22x10° | 93.42 9 12.46 0.5 0.95
20 Meu 312118, 6793547 135.0 72352 11 3.53 6.60x10° | 122.35 9 14.89 0.05 0.78
21 Douffine 176707, 6818946 138.0 62139 11 4.84 5.71x10° | 65.65 9 16.98 0.25 0.98
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22 Penze 189998, 6854106 141.0 53380 13 3.15 2.13x10° 63.88 9 9.47 0.25 0.95
23 Rance 316728, 6807388 153.0 78144 11 5.18 5.12x10° | 186.77 9 17.09 0.1 0.93
24 Jaudy 239153, 6864255 164.0 66096 12 3.13 3.29x10° | 100.22 9 12.81 0.25 0.97
25 Loch 251408, 6752806 179.0 77520 13 5.96 2.24x10° | 132.33 9 14.33 0.25 0.94
26 Odet 173957, 6790824 205.0 91310 10 9.23 1.41x10* | 161.63 9 40.99 0.5 0.95
27 Lie 282660, 6803938 296.0 128390 12 14.78 2.90x10° | 109.93 9 31.08 0.5 0.94
28 Rouvre 450637, 6862316 297.2 136640 12 12.64 4.12x10° | 174.81 9 40.83 0.1 0.91
29 Evel 254000, 6772493 316.0 132854 11 7.96 8.64x10° | 198.64 9 48.72 0.05 0.89
30 Leguer 227883, 6856475 353.0 172221 11 13.67 5.82x10° | 123.86 9 52.07 0.5 0.97
31 Hyeres 206347, 6812298 526.0 207152 11 19.73 6.10x10° | 107.75 9 86.95 0.25 0.93

4.  HydroModPy key features

HydroModPy has been developed to address the need for an efficient process-based modeling approach for shallow subsurface
groundwater flows, with emphasis on accessibility and ease of deployment. As an open-source toolbox, HydroModPy provides
a user-friendly, flexible and adaptable platform for modeling hydrogeological systems at the catchment scale, across a wide
range of spatial scales (typically 1 to 103 km?). It enables efficient deployment of catchment scale groundwater flow models on
multiple sites using a simple for-loop in Python. This flexibility opens new perspectives to explore the role of groundwater on
catchment scale flow and transport processes. Its modular and extensible architecture also allows users to expand its
functionalities to meet specific research and application needs. Here, we successively discuss the software applications based

on previous studies, its relevance for teaching, and the ongoing improvements and perspectives.

4.1.  Applications to hydrogeological challenges

HydroModPy has been used in several catchments, mainly to constrain hydrodynamic properties and simulate groundwater
contributions to streamflow (Abhervé et al., 2023, 2024; Floriancic et al., 2024; Le Mesnil et al., 2024). These early applications
have paved the way for multiple research questions, including the modeling of ungauged basins. By targeting surface-
subsurface interactions, HydroModPy allows surface data to be used to constrain groundwater flows, which has been a major
innovation (Abhervé et al., 2023, 2024). Stream information has been used to calibrate K/R at steady state based on its network
(Abherve et al., 2023) following a calibration of porosity based on streamflows (Abhervé et al., 2024). These developments
will leverage databases on streamflow like low-water observatories ONDE in France (Nowak & Durozoi, 2012). They will
also benefit from the growing availability of high-resolution DEMs and stream network data acquired from remote sensing
(Abhervé et al., 2024).

Furthermore, HydroModPy toolbox enables automatic retrieval of piezometric heads from national databases like ADES

(Winckel et al., 2022) to be used in the calibration process. Additionally, HydroModPy supports the analysis of coastal aquifer
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response to tidal and seasonal fluctuations to calibrate the hydrodynamic properties of the aquifer, considering sea-level data
as time-variant specified head boundaries (Harbaugh, 2005). This feature addresses challenges such as groundwater-induced
flooding in coastal areas, particularly under sea-level rise (Gauvain, 2022; Le Mesnil et al., 2024). HydroModPy also integrates
particle tracking methods to simulate residence times and calibrate aquifer storage properties (Gauvain et al., 2021). These
features are essential for assessing water resource availability and designing management strategies, making HydroModPy a
powerful tool for water managers and stakeholders.

HydroModPy has been initially developed for applications where streamflow is mostly supported by shallow aquifers, and
assuming homogeneous effective hydraulic properties. It considers catchments where groundwater is topography controlled,
focusing on near-surface flows that mostly follow the topography. The deployment remains possible in other contexts, with
more complex groundwater flow patterns, e.g. regional-scale flows or inter-basin fluxes, and with geological heterogeneity. In
this case, a well-defined hydrogeological catchment and/or geological model is required (De La Varga et al., 2019). By
incorporating such information, HydroModPy can address of modeling complex flow patterns and accounting for geological
heterogeneity, although careful calibration and validation remain essential for reliable application.

As a collaborative tool, HydroModPy is currently being used by several research teams around the world (Erreur ! Source du
renvoi introuvable.). Several research knowledge gaps are being addressed, including the role of groundwater in coastal flood
(Gauvain, 2022; Le Mesnil et al., 2023; Le Mesnil et al., 2024), the influence of topographical features on river flow (Floriancic
et al., 2024) and the surface-subsurface interactions linked to geomorphology (Marti et al., 2024). These research projects
follow a critical zone approach, emphasizing the need for modeling methods that are accessible to both subsurface specialists
and non-specialists (Gaillardet et al., 2018). This does not mean the methods themselves are simplistic or that the processes are

oversimplified. Instead, HydroModPy ensures that their implementation is transparent and user-friendly.

16



375

380

https://doi.org/10.5194/egusphere-2024-3962
Preprint. Discussion started: 8 January 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Armorican Massif (France) >100 catchments c Kervidy-Naizin
Pumping effects (Brittany, France)

Agriculture e 4

impacts 3 Drinking water quality
Flood Tiretaine
- o Puy-de-Déme, France)
Dam modeling prediction i ’
Ploemeur-Guidel (Brittany, France)
Chéze (Brittany, France) rop———
=g TR (Normandy, France)
. L’A%L e ly. Ecosystem

) resilience

Lasset
(Pyrenees, France)

Yamaska
(Quebec,
Canada)

Monwana
: (Safari Reserve, South Africa) &
Geochemical tracers

Quiock
(Guadeloupe
Island)

Orontes
(Lebanon
and Syria)

Remote sensing

Geomorphology

and fault zones Morakot

(South-Eastern Taiwan)

[[] Areas of generally low permeability with local minor aquifers

Chile [ Areas with some important but complex aquifers
i

(Northem part)
>100 catchments

[ Major regional aquifer systems Landslides and

knickponts

Temmesjoki
(North-Western Finland)

Data assimilation Glueyre (Ardeche, France)

Vosvozis
(North-Eastern
Greece)

Strengbach (Vosges, France)

Managing water resources
Understanding processes
Developing innovative tools

Vallon de Nant
(Alps, Switzerland)

Poschiavo (Alps, Switzerland)

Teaching applied groundwater modeling

Figure 5. Worldwide application sites of HydroModPy. Simplified Global groundwater resources map modified from Taylor et al.,
2013, initially obtained from Struckmeier et al., 2008. Catchments are grouped into three main application fields: water resources
management, understanding processes and tool development. HydroModPy being primarily focused on subsurface/surface
interactions, all catchments are in area of generally low permeability with generally shallow and local minor aquifers (brown areas
on world map). Extensive use of HydroModPy has been carried out in France (A) and Chile (M) across multiple catchments.

4.2.  Suitability for teaching groundwater modeling

HydroModPy offers new opportunities for training and teaching in hydrogeological modeling but also for lectures, and
especially at Master level on the role of groundwater in the critical zone. HydroModPy courses have been given at Master level
in several universities in France and Switzerland: University of Grenoble (led by J. Marcais), University of Rennes (led by C.
Bouchez), University of Neuchatel (led by R. Abhervé). In line with modern teaching methods, we have implemented Jupyter
notebooks to run HydroModPy on example watersheds. These interactive notebooks empower students by allowing them to

engage with the modeling process in a structured, step-by-step manner, running complex models with only a few lines of code.
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Another advantage is that it provides a continuously evolving platform for educational purposes, as the notebooks can be easily
adapted.

HydroModPy-based scripts for teaching have been used by environmental science students, proving their accessibility and ease
of use even for beginners in programming and hydrogeological modeling. Students can develop their own catchment-scale
MODFLOW model, which allows them to spend time directly on fundamental and applied problems, such as studying the
effects of hydrogeological parametrization and boundary conditions on groundwater dynamics or evaluating the controls of
groundwater on hydrographic networks. By integrating HydroModPYy into the educational curriculum, students can gain hands-
on experience in hydrogeology-specific modeling techniques, data analysis, and result interpretation. In addition to teaching
hydrogeological modeling skills, HydroModPy-notebooks can be used as a tool to support lectures on the role of climate and
geology in hydrological landscapes. Indeed, thanks to visualization tools, HydroModPy-based lectures can illustrate how the
hydrological landscape changes with parameters available such as changes in recharge, aquifer thickness, hydraulic
conductivity or porosity. The step-by-step notebooks developed for teaching purposes are also of interest to graduate students

or faculties starting with HydroModPy or even with hydrogeological modeling in general.

4.3. Improvements and perspectives

HydroModPy provides long-term opportunities to advance hydrological modeling by integrating different critical zone
processes, and new tools and datasets. Future developments aim to improve its ability to model surface and subsurface
hydrodynamics with greater complexity and precision. Its flexible design allows integration with various hydrological models,
such as HS1D (Margais et al., 2017), MODFLOW 6 (Hughes et al., 2017; Langevin et al., 2017) or MT3D (Bedekar et al.,
2016). These models will expand the range of options available within HydroModPy, providing users with additional tools for
simulating complex hydrological processes and conducting detailed hydrological analyses. Additionally, the inclusion of more
specialized aquifer models or coupled surface-subsurface models will allow for model comparison and benchmarking within
HydroModPy, facilitating a more comprehensive analysis and selection of the most suitable model for their specific
hydrological study or application.

A major improvement will be the use of land surface models to predict recharge input. Conceptual models, such as GR4J
(Perrin et al., 2003), and distributed land surface models, such as PyHeLP (Croteau et al., 2010), are currently being integrated.
Distributed land surface models will enable users to incorporate spatially variable climate data, soil types and land use data
into the modeling process, providing the capacity to calculate groundwater recharge rates at spatio-temporal scales relevant
from hillslope to catchment scale applications. Sequential non-iterative coupling between FloPy and other tools will also be
introduced, allowing for the inclusion of intermediary processes and feedback mechanisms, notably improving the
representation of groundwater-evapotranspiration interactions. To extend the use of HydroModPy in a wider range of

hydrological contexts (e.g., confined aquifers, alluvial plains, or scenarios where the unsaturated zone plays a critical role), we
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plan to include packages/models with different levels of fidelity and coupling to represent key hydrological processes. This
approach will allow users to select the most appropriate packages/models based on the dominant processes at their site of
interest.

HydroModPy's calibration strategy primarily relies on systematic parameter exploration across multiple datasets and goodness-
of-fit indicators. Calibration uses piezometric data evaluated by RMSE, river discharge data assessed with the Nash & Sutcliffe
(1970) efficiency criteria, and stream network mapping by Dopim as described by Abhervé et al. (2023). Ongoing developments
aim to incorporate optimized calibration techniques, including resolution methods such as Simplex (Nelder & Mead, 1965) and
Metropolis-Hastings (Metropolis & Ulam, 1949). In addition to developing tailored calibration strategies to meet specific
needs, we plan to integrate established open-source tools for parameter and uncertainty estimation, such as pyEMU (White et
al., 2016) based on PEST (Doherty, 2015) into HydroModPy. These advances will allow multi-criteria, multi-observable, and
multi-method calibrations, providing a more robust and comprehensive approach to hydrological model optimization.
HydroModPy is also undergoing developments to offer a user interface, including the creation of a graphical interface through
Jupyter Notebook widgets (Kluyver et al., 2016). This work aims at providing users with a more intuitive and interactive
platform for setting up, running and vizualizing models, streamlining the modeling process and improving the user experience.
Tools such as Voila (de Marchi, 2021) also offer the possibility to easily create GUIs. This will allow the tool to be rolled out

to a wider audience, such as water stakeholders.

5.  Overview and conclusions

The python HydroModPy toolbox allows to build and calibrate hydrogeological models at the catchment scale. It has been
developed to facilitate the deployment of catchment models over large areas. The version presented here allows i) to extract a
watershed from a DEM and an outlet and the available hydrological and geological data, ii) to build and run a groundwater
flow model with MODFLOW, iii) to calibrate the aquifer hydrodynamic properties and iv) to visualize the results in several
ways (2D or 3D). By focusing models at the catchment scale, HydroModPYy facilitates a comprehensive assessment of the role
of groundwater in the critical zone. Its design enables deployment ranging from localized studies to broader regional
evaluations through the development of models at multiple catchment scales. We believe that HydroModPy is relevant to
investigate hydrological dynamics under varying forcing at different scales, such as changing climatic conditions or land use.
We propose seven examples (available on the Git repository) to test HydroModPy across various hydrogeological conditions
in different regions of France, demonstrating both its versatility and practical application:

e Example 1: A simplified case study centered on the catchment mainly studied in this article.

o Example 2: A simple case detailing the inventory of the functionalities available within the toolbox.

e Example 3: A demonstration of the effect of the hydraulic conductivity on the simulated hydrographic network.

o Example 4: A calibration of groundwater flow model in transient using streamflow and stream intermittency data.
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e Example 5: An exploration of how the piezometric signal is affected by aquifer recharge and tidal fluctuations.

o Example 6: An illustration of simulated subsurface flow pathlines in 3D along with their corresponding residence times.

o Example 7: A 2D hillslope model that compares output results with a streamflow recession analytical solution.
HydroModPy leverages Python's capacity to automate workflows and to facilitate a shift towards deployable and replicable

catchment models, which can be used for both research and educational purposes.

Code and data availability

HydroModPy is available in a public GitLab hub: https://gitlab.com/Alex-Gauvain/HydroModPy. In this paper, we present the

first quite stable version 0.1 of HydroModPy. For comprehensive information on the available functionalities and options, an

automatic Read the Docs documentation is available on this link: https://hydromod.readthedocs.io/

The installation of HydroModPy, as outlined in the documentation, involves checking system requirements, installing Git if
necessary, cloning the repository, switching to the stable branch, navigating to the installation folder, and executing the
appropriate script for setting up the environment on either Linux or Windows.

The data that support the findings of this study are available from the corresponding author upon reasonable request.

The HydroModPy Users Group, accessible via the link https://groups.google.com/g/hydromodpy, serves as a valuable platform

for members of the hydrological modeling community to engage in discussions, share insights, troubleshoot issues, and

collaborate on various aspects related to the utilization and development of the HydroModPy features.
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