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Introduction: Plant protection products (PPPs) such as pesticides and herbicides
are experiencing increased use worldwide. In the context of PPP authorization
and registration, water exposure assessments (drinking water and aquatic
exposure) use numerical modeling to simulate relevant hydrological processes
and exposure pathways. A common practice for estimating PPP leaching to
groundwater, PPP loading onto surface water via tile drainage, or PPP transport
via runoff utilizesmultiple one-dimensional models, each representing a separate
exposure pathway. Separate analysis of individual exposure pathways can result in
disparate assumptions being made that represent relative worst-case scenarios
for each pathway, rather than an integrated reasonable worst-case scenario for
all pathways.

Methods: The interplay between PPP degradation, leaching to groundwater,
transport in tile drainage, and runoff is well-suited for simulation using an
integrated surface–subsurface hydrologic and chemical fate and transport
model. This study presents functionality added to HydroGeoSphere (HGS), a
three-dimensional, fully integrated, surface–subsurface hydrologic model. HGS
was verified against other recognized models: PRZM, HYDRUS, PEARL, PELMO,
and MACRO. Added features include automatic irrigation, non-linear adsorption,
temperature and soil water content-dependent degradation, and solute uptake
by plant roots.

Results and Discussion: HGS results for leaching of PPP mass to groundwater
showed the highest correlation, lowest error, and lowest bias relative to PEARL
model results. Simulation of macropore flow to tile drains in HGS produced an
intermittent tile drain flow in summer that resulted in generally lower peak
effluent concentrations compared to the MACRO model. Simulation of runoff
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in HGS produced a higher total runoff compared to the PRZM model, attributed to
lower evapotranspiration in HGS. Use of the integrated HGS model resulted in a
greater agreement in water balance components relative to using multiple models
to simulate individual hydrologic pathways.

KEYWORDS

pesticide, three-dimensional, reactive transport, HydroGeoSphere, agricultural water,
green water

1 Introduction

Sustainable development goals adopted by United Nations
Member States in 2015 (UNGA, 2015) include alleviation of
hunger, access to clean water, and responsible agricultural
production. These goals are at the nexus of the use of plant
protection products (PPPs) to improve crop production while
simultaneously reducing the potential for negative effects on
drinking water and the aquatic environment. Plant protection
products are herbicides, insecticides, and fungicides used in
agriculture to protect crops from pests and disease. In some of
the largest agricultural regions worldwide (the United States,
Australia, Canada, and the European Union), PPP sales and
active ingredient registrations show a stable or slightly increasing
trend through nominally the last 10 years (Eurostat, 2022; Maino
et al., 2023; PMRA, 2023), while among low-to-middle income
countries, PPP use is increasing steadily (Shattuck et al., 2023).
Signatory countries to the UN Convention on Biodiversity have
committed to decreasing the risks associated with PPP contaminants
in the environment to half by 2030 (CBD, 2022). In light of PPP
usage trends that are stable or increasing, improved evaluation of
risks to drinking water and the environment, as well as mitigation of
those risks, can potentially be realized through increased rigor of
PPP exposure assessment. Reliable assessment of the risks associated
with PPP application requires concentrations in the environment to
be known or estimated and then compared to potential effect
thresholds. In the context of PPP authorization, water exposure
assessments (drinking water and aquatic exposure) use numerical
modeling software to simulate relevant hydrological processes
(USEPA, 2023). Models are validated and approved by regulatory
authorities and thus provide a benchmark for any new model that
might be used for the same purpose (European Commission, 2014).

Leaching of PPPs and their degradates to groundwater (GW) is
of concern for direct human or animal consumption of well water
(Squillace et al., 2002; Bexfield et al., 2021), as well as transport
during groundwater–surface water (GW–SW) exchange (Hintze
et al., 2020). Direct loading of surface water (SW) bodies occurs
via aerial drift, tile drainage, and runoff with potential resultant
effects on aquatic receptors (Kladivko et al., 2001; Silburn, 2023).
Increased recognition of the occurrence and persistence of PPPs in
the water environment has resulted in an increasing need to improve
scientific rigor when modeling the potential fate and transport of
PPPs to GW or SW (Gassmann, 2021; Jorda et al., 2021; Pietrzak,
2021). Use of fate and transport modeling as part of the
environmental exposure assessment is one tool that serves to
inform the environmental risk to GW and SW receptors
associated with particular PPP products or active ingredients
(Holmes et al., 2009).

The interplay between PPP degradation, leaching to GW,
transport in tile drainage, and runoff is well-suited for simulation
using an integrated surface–subsurface hydrology and the chemical
fate and transport model (Gatel et al., 2019). A common practice for
estimating PPP leaching to GW, PPP loading onto SW via tile
drainage, or PPP transport via runoff utilizes multiple one-
dimensional (1D) models, each representing a separate exposure
pathway (FOCUS, 2001; European Commission, 2014). Separate
analysis of individual exposure pathways can result in disparate
assumptions being made that represent relative worst-case scenarios
for each pathway, rather than an integrated reasonable worst-case
scenario for all pathways. Additionally, modeling of exposure
pathways in multiple models can limit interpretations of
overlapping or interrelated hydrological processes. Inherently
dependent hydrological processes, such as deep percolation to
GW, tile drainage, and surface runoff, can be simulated in a
single integrated surface–subsurface hydrologic model while
maintaining water and pesticide mass balance. HydroGeoSphere
(HGS) is a three-dimensional (3D), fully integrated
surface–subsurface hydrological modeling platform (Brunner and
Simmons, 2012; Kurtz et al., 2017; Aquanty, 2024), with a tightly
coupled formulation (Barthel and Banzaf, 2016). HGS is a flexible
fully integrated GW–SW and chemical fate and transport model that
supports many conceptualizations of hydrological settings using
physically realistic boundary conditions and contaminant source
geometries; as such, it is not solely a PPP transport model but a
modeling platform well-suited to PPP fate and transport modeling.
The general flow formulation of HGS includes variably saturated 3D
flow using Richards’ equation and the two-dimensional (2D) depth-
averaged surface flow using the diffusive-wave approximation of the
Saint-Venant shallow water flow equation. HGS is designed to
simulate the entire terrestrial water cycle, with a surface
boundary condition driven by precipitation and potential
evapotranspiration. Actual evapotranspiration is calculated
internally in HGS by accounting for soil moisture effects on soil
evaporation and plant transpiration and includes open water
evaporation.

The HGS model has been successfully benchmarked for variably
saturated subsurface and overland flow against several other
integrated hydrologic models (Maxwell et al., 2014; Koch et al.,
2016; Kollet et al., 2017). In the 2017 flow benchmarking study, HGS
produced results indicative of the model ensemble norm for surface
flow depth, ponding, and saturated and unsaturated zone storage
dynamics. Recent applications of HGS for subsurface water flow
include simulation of dynamics of infiltration and vadose zone
storage in a karst aquifer using a dual-permeability approach by
Bresinsky et al. (2023), quantification of percolation to GW with a
fluctuating water table by Gong et al. (2023), and dynamics of
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GW–SW flow reversals between small surface water bodies and their
connected aquifer by Steidl et al. (2023). Previous modeling of agri-
chemical fate and transport in GW using HGS has included the
simulation of a soluble, non-sorbing hypothetical PPP similar to 2-
methyl-4-chlorophenoxyacetic acid, bentazone, metam sodium,
clopyralid, and nitrate by Lutz et al. (2013), and of sulfonamide
antibiotics by Park et al. (2016). Viscosity effects of liquid manure
infiltration into macroporous soil were simulated using HGS by Frey
et al. (2012), and variable density effects of saline GW intrusion were
simulated using HGS by Paldor et al. (2022). HGS has been used to
model tile drainage in several studies using different approaches,
ranging from using a single porous medium with seepage nodes to
model flow only (de Schepper et al., 2017; Hwang et al., 2019) to dual
domain flow representing the soil matrix and macropores including
nutrient transport to a discrete tile drain network (Frey et al., 2016).

The overarching objective of this work is to develop a physics-
based, 3D, fully integrated chemical fate and transport model for
simulating PPP loading on GW and SW and improve PPP mass
balance accounting in exposure assessment through the use of a
single model that can be used to track water and PPP mass. Toward
achieving this objective, the fate and transport routines of the HGS
model have been updated to include the addition of non-linear
chemical adsorption in both the soil matrix and macropore
domains, implementation of temperature and soil moisture-
dependent chemical degradation in both the soil matrix and
macropore domains, and solute uptake by plant roots. To
enhance HGS application in an agricultural setting, automatic
irrigation via modeled water content has been added. This
manuscript documents the verification of the new HGS
functionality against other widely accepted models used for the
simulation of PPP leaching to GW. Following verification of
subsurface fate and transport functionality, PPP transport to tile
drains in macroporous soils is demonstrated, as well as runoff
generation.

2 Methods

Upgrades to the capability of HGS to simulate PPP fate and
transport in soil and runoff were guided by the existing functionality
of multiple separate hydrologic models used for PPP fate and
transport simulation in the European Union regulatory context.
The PEARL (Leistra et al., 2001) and PELMO (Klein, 2020) models
are used within the European Union’s FOrum for the Co-ordination
of pesticide models and their USe (FOCUS) framework for the
simulation of predicted environmental concentrations of PPPs in
GW (European Commission, 2014). The MACRO model (Larsbo
and Jarvis, 2003) is used within the FOCUS framework to simulate
transport of PPPs throughmacroporous soils to surface water via tile
drainage, and the PRZM model (Suarez, 2005) is used to simulate
PPP loading to surface water via runoff (Young and Fry, 2019),
including both dissolved substances and those adhered to eroded
sediment (FOCUS, 2001).

Following guidance on the use of recommended numerical
models, the FOCUS GW and SW working groups developed a
set of standard scenarios that can be used to evaluate predicted
environmental concentrations of PPPs in GW and SW (FOCUS,
2001; European Commission, 2014). The FOCUS scenarios include

a set of test substances that are a suite of regulator-accepted and
industry-utilized scenarios that have been previously used for model
sensitivity analysis by FOCUS (European Commission, 2014),
model intercomparison by FOCUS (2001), and model verification
by others, as was conducted by Diamantopoulos et al. (2017) with
the HYDRUS model (Šimůnek et al., 2012). The FOCUS scenarios
were used in the current study for the verification of the HGS model
to simulate PPP leaching to GW and demonstrate PPP transport to
tile drains and runoff generation.

2.1 Model formulation

2.1.1 Added functionality for irrigation
The HGSmodel simulates 3D variably saturated subsurface flow

in porous media using Richards’ equation and solute transport using
the advection–dispersion equation and has been under development
from early work by Therrien and Sudicky (1996) to present. In
addition to simulating flow in variably saturated uniform porous
media, HGS also includes optional subsurface flow domains: discrete
fractures, wells, tile drains, and a dual domain for simulating flow
and transport in macroporous soils or fractured media (Aquanty,
2024). Of the FOCUS GW models, PEARL and PELMO, the
subsurface flow functionality of HGS most closely resembles that
of the Richards’ equation-based PEARL model, rather than the soil
moisture capacitance formulation of the PELMO model.

The FOCUS version of the PEARL model FOCUSPEARL (Berg
et al., 2019) includes an automated irrigation scheme. The FOCUS
GW leaching scenarios include irrigation for some of the location
and crop combinations. Therefore, irrigation triggered by soil matric
potential was added to HGS to better align with the irrigation
scheme within FOCUSPEARL. The new irrigation functionality
in HGS applies irrigation over a user-specified duration defined
by a table of irrigation depths and soil matric potentials. The drier
the soil is, the more irrigation water is added. Irrigation occurs only
during the user-specified growing season, and irrigation events can
be restricted to occur at fixed time intervals defined by a recurrence
interval, e.g., one irrigation event per week.

2.1.2 Added functionality for subsurface PPP fate
and transport

The numerical models within the FOCUS framework for
modeling PPP fate and transport in soil, namely, PEARL (Leistra
et al., 2001), PELMO (Klein, 2020), MACRO (Larsbo and Jarvis,
2003), and PRZM (Suarez, 2005), include soil moisture and
temperature-dependent PPP degradation. PPP degradation rates
increase with an increase in soil moisture and temperature. New
functionality was added to HGS to incorporate soil moisture and
temperature-dependent degradation of PPPs for both dissolved and
adsorbed phases. Modifications made to the degradation coefficient
formulation, including temperature and saturation dependence
(Equations 1, 2, respectively), and the inclusion of non-linear
adsorption (Equation 3) were updates made to the pre-existing
HGS functionality that included non-temperature and non-
saturation-dependent degradation and linear adsorption.
Therefore, only the updates to the degradation and adsorption
formulations are given here, and the reader is referred to Frey
et al. (2016) for the governing equations for reactive transport in the
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soil matrix and macropore domains in HGS for parent and daughter
species. The first-order degradation coefficient, λS [T

−1], dependent
on soil water saturation is given by

λS � αS
θw
θr

( )β

, (1)

where αS [T
−1] is the degradation coefficient determined at reference

volumetric soil water content, θr [L
3 L−3]; while θw [L3 L−3] is the

simulated water content, and β [-] is the shape parameter, modified
after Walker (1974).

The first-order degradation coefficient dependent on
temperature, λT [T−1], is calculated using a modified form of the
Arrhenius equation:

λT � αT · exp Ea · Tb − Tr( )
R · Tb·Tr

[ ], (2)

where αT [T
−1] is the degradation coefficient determined at reference

temperature Tr [K], Tb is the bulk soil temperature [K], Ea [M
L2 N−1 T−2] is the activation energy of the reaction, and R is the
universal gas constant [M L2 N−1 K−1 T−2]. An analytical solution to
the heat conduction equation was used to calculate the 1D
subsurface temperature profile (Schilling et al., 2019), wherein
the surface soil temperature boundary condition is user-specified,
typically taken to be the average daily air temperature, and the
temperature boundary condition at depth is typically taken to be the
long-term average air temperature. Degradation is implemented in
HGS for straight and branched decay chains.

Numerical models used for modeling PPP fate and transport in
the FOCUS framework, namely, PEARL (Leistra et al., 2001),
PELMO (Klein, 2020), MACRO (Larsbo and Jarvis, 2003), and
PRZM (Suarez, 2005), include the non-linear Freundlich
adsorption isotherm. The non-linear Freundlich adsorption
isotherm formulation was added to HGS, which relates the
amount of adsorbate in equilibrium, X [M M−1], to the solute
concentration, C [M L−3], via the empirical relationship:

X � KF · C0
C

C0
( )n

, (3)

where KF is the Freundlich adsorption capacity [L3 M−1], C0 [M L−3]
is the reference concentration, and n [-] is the Freundlich exponent.

The solution distribution coefficient, K′ [L3 M−1], (Equation 4) is
defined as the slope of the non-linear Freundlich isotherm:

K′ � dX

dC
� n ·KF

C

C0
( )n−1

. (4)

PPP mass, M [M], uptake by plant roots has been incorporated
into HGS via plant transpiration water flux, qtrans [L

3 T−1] (Equation
5), according to Briggs et al. (1982). The mass flux rate for uptake via
plant roots is therefore given as

dM

dt
� qtransfTC, (5)

where fT [-] is the transpiration stream concentration factor. Plant
uptake is typically less than mass available in the plant solution
(Leistra et al., 2001); therefore, fT ≤ 1 and is typically specified as
0.5 for ionic species (European Commission, 2014).

2.1.3 Macropore flow and transport to tile drains
PPP transport, following application on an agricultural field, via

infiltration through soil macropores and then into tile drainage and
ultimately into surface water is one of the transport pathways of
concern in the FOCUS framework. The methodology employed in
the FOCUS (2001) framework utilizes the MACRO (Larsbo and
Jarvis, 2003) 1D, dual-permeability model to simulate the
preferential flow through a high hydraulic conductivity
macropore domain using the kinematic wave approach
(Germann, 1985), connected with a lower hydraulic conductivity
soil matrix domain. The dual-permeability, variably saturated 3D
flow solution in HGS solves two coupled Richards’ equations for
both the macropore and matrix domains. HGS supports both a
common node and dual node approach. The dual node approach,
used here, calculates explicit exchange fluxes between the two model
domains. For simulating water flow and solute exchange between the
two domains, HGS employs the formulation of Gerke and van
Genuchten (1993). Dual domain solute transport is simulated in
both HGS (Frey et al., 2012; Frey et al., 2016) and MACRO (Larsbo
and Jarvis, 2003) using the advection dispersion equation in
both models.

Tile drainage in the 1D MACRO model assumes a fully
penetrating seepage surface, such as a ditch or highly permeable
backfill above the tile drain (Larsbo and Jarvis, 2003). Lateral flow
from saturated soil layers to the ditch or tile drain is simulated in
MACRO using seepage potential theory (Leeds-Harrison et al.,
1986). Tile drainage can be simulated in HGS using two
approaches, where one simulates flow and transport in discrete
subsurface 1D linear tile drain elements (De Schepper et al., 2015)
and the second approach utilizes drain nodes to extract water from
the model under saturated conditions at the depth of tile installation
(Boico et al., 2023), used for modeling herein.

2.1.4 Runoff generation
HGS utilizes a globally implicit control-volume finite element

approach with adaptive time stepping and OpenMP parallelization
(Hwang et al., 2014) to solve a coupled set of equations that includes
diffusive wave approximation to the 2D depth-averaged Saint-
Venant equation for overland flow and 1D Manning’s equation
for the open channel flow (Aquanty, 2024). Partitioning of rainfall
into runoff is simulated implicitly in HGS based on the infiltrability
of the subsurface, which can result in either saturation-excess or
infiltration-excess overland flow being generated. The soil moisture
saturation level and hydraulic conductivity of the subsurface
influence whether rainfall will infiltrate or run off.

Runoff generation mechanisms in agricultural settings are
controlled by surface attributes including vegetation cover, macro
and microtopography, and subsurface conditions such as hydraulic
conductivity and soil moisture levels (Appels et al., 2016; Sittig et al.,
2020). The effect of topography on runoff generation at multiple
scales has been demonstrated using HGS simulations, including
wetlands, coastal areas, and upland agricultural landscapes (Frei
et al., 2012; Amado et al., 2016; Frey et al., 2021; Paldor et al., 2022).
Rain event-induced runoff was separated into rainfall-excess
overland flow (13%) and exfiltration-induced overland flow
(87%) using HGS by Chen et al. (2023), thus demonstrating the
model’s ability to quantify mixing of surface and subsurface water in
runoff. Transport of PPPs in surface water in HGS currently
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includes dissolved species only. Advection and diffusion of solutes
are simulated both to and from the surface and subsurface domains.

2.2 Verification of PPP leaching to GW

An objective of this study was to verify the new chemical fate
and transport functionality added to HGS by using the FOCUS
GW scenarios. Soil water balance and PPP leaching to GW
simulated using HGS were compared against leaching results
from the PEARL, PELMO, and HYDRUS models after
Diamantopoulos et al. (2017), for the nine FOCUS GW
scenarios summarized in Table 1. Although the HYDRUS
model is not currently included within the FOCUS framework,
it has been widely applied to simulate PPP fate and transport in
soils (Boivin et al., 2006; Cheviron and Coquet, 2009; Köhne
et al., 2009; Anlauf et al., 2018). The nine FOCUS GW sites are
distributed across the European Union and were estimated to be
representative of 65% of the arable area of 27 member states, as of
2014 (European Commission, 2014). The FOCUS GW leaching
scenarios span a range of crops and associated parameterized
model inputs that effect plant water uptake (e.g., time varying leaf
area index [LAI], root growth, and maximum root depth), as well
as the timing of planting and PPP application.

The HGSmodels used for the simulation of PPP leaching to GW
were constructed as 1D soil column models comprising a single 1-m
square quadrilateral element in the horizontal plane and vertically
discretized in uniform 1-cm increments. Modeled soil column
depths were 4.5 m, except for the Sevilla model which was 6.0 m
deep. HGS model parameterization for the porous media was
specified from each FOCUS GW scenario (European
Commission, 2014), including soil layering, saturated hydraulic
conductivity, saturated volumetric water content, and van
Genuchten (1980) soil hydraulic parameters. A potato crop was
selected for HGSmodel verification to align with themethodology of
Diamantopoulos et al. (2017). Growth stage timing, maximum LAI,
and maximum rooting depth were aligned with the FOCUS
scenarios and were used to generate daily LAI and root depth
time series for input into the HGS models.

Daily rainfall was applied to the top boundary of the HGS
models using FOCUS meteorological datasets for a 20-year period
taken from the 1971 to 1996 interval, including a six-year spin-up
period. Irrigation was generated internally by HGS in response to
soil matric potential for the five FOCUS scenarios that include
irrigation: Châteaudun, FR; Piacenza, IT; Porto, PT; Sevilla, ES; and
Thiva, GR. Daily potential evapotranspiration (PET) was applied
using FOCUS daily reference evapotranspiration for each scenario,
which was then internally partitioned into plant transpiration and
soil evaporation by HGS using partitioning coefficients based on the
method of Kristensen and Jensen (1975). Actual transpiration
calculated by HGS is a function of soil matric potential and is
calculated using the method of Feddes et al. (1978), whereby
transpiration is maximum across a user-specified matric potential
range, and then progressively decreases under excessively wet or dry
conditions. Soil evaporation is maximum under wet soil conditions
and progressively decreases to zero as soil dries, according to user-
specified matric potential thresholds, following Allen et al. (1998).

No flow lateral boundary conditions were used in both the
surface and subsurface model domains. The bottom boundary
conditions were scenario-dependent, as per the HYDRUS models
developed by Diamantopoulos et al. (2017). The free drainage
boundary condition in HGS is a direct analog to the free
drainage boundary condition in HYDRUS, while the specified
head boundary condition in HGS is similar to the time varying
pressure head boundary condition in HYDRUS. The fluid transfer
boundary condition in HGS has the most similarity to the deep
drainage boundary condition in HYDRUS and was used for five of
the scenarios. The fluid transfer boundary condition in HGS is a flux
boundary that is controlled by a user-specified hydraulic
conductivity and a reference head value applied over a user-
specified distance from the boundary, while the deep drainage
boundary condition in HYDRUS uses the water table position
and two empirical parameters to define the flux across the
boundary. Details of the FOCUS GW model inputs and bottom
boundary conditions are included in Supplementary Material.

Four test substances and associated fate and transport parameter
values are prescribed in the FOCUS framework for use in model
verification. The four test substances were originally developed by

TABLE 1 Summary of the nine groundwater scenario locations: climate, soil texture, and soil organic matter, after FOCUS (2000).

Location Mean annual
temperature (°C)

Annual
rainfall (mm)

Surface soil
texture*

Surface soil organic
matter (%)

Châteaudun, FR 11.3 648 Silty clay loam 2.4

Hamburg, DE 9.0 786 Sandy loam 2.6

Jokioinen, DK 4.1 638 Loamy sand 7.0

Kremsmünster, AT 8.6 900 Loam/silt loam 3.6

Okehampton,
United Kingdom

10.2 1,038 Loam 3.8

Piacenza, IT 13.2 857 Loam 1.7

Porto, PT 14.8 1,150 Loam 6.6

Sevilla, ES 17.9 493 Silt loam 1.6

Thiva, GR 16.2 500 Loam 1.3

*Soil texture corresponds to the USDA (1975) system.
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the FOCUS GW working group to demonstrate a range of leaching
sensitivity across the suite of scenarios (European Commission,
2014). The four test substances and their description are given
in Table 2.

A 1D analytical heat conduction model is used in HGS to
calculate the vertical soil profile temperature of the bulk porous
medium to account for the temperature dependence of PPP
degradation (Aquanty, 2024). The thermal diffusivity for
calculation of the soil temperature profile was set to 4.0 ×
10−7 m2 s−1 for all scenarios. For each site, the surface boundary
condition for the analytical heat conduction model was taken to be
equal to the daily air temperature provided in the FOCUS scenarios,
while the background soil temperature at depth was taken to be
equal to the 20-year average air temperature.

The dispersion lengthwas set to 0.05m for all FOCUSGW leaching
scenariomodels, and themolecular diffusion coefficient in water was set
to 4.98 × 10−10 m2 s−1. For soil moisture-dependent PPP degradation
(Equation 1), the reference soil moisture saturation was specified
at −10 kPa for all soils and the shape parameter was set to 0.7 for
all substances, as recommended in European Commission (2014). For
temperature-dependent degradation, a reference temperature of 20°C
and an activation energy of 65.4 kJ mol−1 were used in Equation 2.
Depth dependency of PPP degradation is included as per the FOCUS
framework, which specifies that the degradation rate coefficient is
maximum in the plough layer (Ap) and is multiplied by a factor of
0.5 for the layer (B) immediately below the plough layer, by a factor of
0.3 for the subsequent layer (C), and by a factor of 0.0 below 1.0mdepth
(European Commission, 2014). The specification of the Freundlich
adsorption isotherm in HGS (Equation 3) used a reference
concentration of 1 mg L−1, with a Freundlich exponent of n =
0.9 and the adsorption capacity, KF as the product of Koc and the
soil organic carbon content specified for each soil in each FOCUS
scenario. The transpiration stream concentration factor for PPP uptake
by plant roots was not used for the GW leaching scenarios, to be
consistent with the methodology of Diamantopoulos et al. (2017), with
which the HGS results are compared. Test PPPs were applied to the
HGS models at the soil surface as a specified mass flux of 1 kg ha−1. All
test substances (A, B, C, and D) were applied 1 day before
crop emergence.

2.3 Demonstration of surface water
pathway modeling

Within the FOCUS framework, simulation of PPP transport to
surface water (FOCUS, 2001) is prescribed separately from that for

GW(European Commission, 2014). Two models are used for the
two PPP transport pathways to SW. For simulation of PPP transport
off-field via tile drains, the dual permeability MACRO model is
specified by FOCUS, while for simulating PPP transport off-field in
runoff, the PRZM model is specified. Comparisons are made here
between HGS results and the output from the MACRO and PRZM
models for a single FOCUS scenario for each model. The
comparison between FOCUS model results (MACRO and
PRZM) against HGS model results is intended to serve as a
demonstration of the current HGS functionality and identify
future HGS model development requirements.

FOCUS (2001) SW scenarios cover a range of climate, landscape,
land use, and cropping characteristics. To demonstrate the HGS
model for SW PPP loading applications, one tile drainage scenario
was selected—site D4 in Skousbo, DK—and one runoff scenario was
selected—site R3 in Ozzano, Bologna, IT. The basis for selection of
these two scenarios was their locations in Northern (D4) and
Southern Europe (R3), respectively, thereby representing very
broad continental trends in agricultural runoff and drainage.
Summary details for the surface water loading scenarios are
contained in Supplementary Material.

2.3.1 Tile drainage scenario construction
The FOCUS Surface Water Scenarios Help software program

(SWASH) serves as a graphical user interface for the MACRO and
PRZM models for FOCUS simulations and includes climate inputs,
hydraulic parameters, a database of PPP properties, PPP application
timing, and a means to run the suite of FOCUS SW loading
scenarios (European Comission, 2024). The SWASH program
(SWASH v5.3, Berg et al. (2015)) was used to generate the
MACRO tile drainage model for the D4 scenario with a potato crop.

An HGS tile drainage model was constructed for the FOCUS
D4 SW loading scenario to demonstrate HGS tile drainage with PPP
fate and transport modeling functionality in macroporous soils. The
D4 scenario simulation period comprises 7 years and 4 months
(1979–1985), with the first 6 years being a model spin-up period,
followed by a 16-month analysis period (FOCUS, 2001).

Flow to agricultural tile drains is primarily a 2D process with
predominantly vertical infiltration into soil macropores and lateral
flow toward the drain (Gerke et al., 2013). The HGS model domain
was constructed 5-m wide, which is half of the 10-m tile drain
spacing specified in the D4 scenario, thereby taking advantage of
symmetry about the midline between tile drains. The thickness of
the soil column was set at 1.8 m, with the tile drain at 1.2-m depth, as
per the D4 scenario. Surface topography was constructed to be
typical of potato ridge and a furrow cropping system with ridges

TABLE 2 Summary of FOCUS groundwater leaching test substances after European Commission (2014).

Substance Description Substance has a metabolite?

A Medium persistent, low sorbing, non-volatile (DT50 = 60 d, Koc = 103 L kg−1) No

B Low persistent, very low sorbing, somewhat volatile (DT50 = 20 d, Koc =
17 L kg−1)

No

C Low persistent, medium sorbing, non-volatile (DT50 = 20 d, Koc = 172 L kg−1) Yes, persistent, low sorbing, and non-volatile (DT50 = 100 d, Koc =
52 L kg−1)

D Low persistent, low sorbing, somewhat volatile (DT50 = 20 d, Koc = 60 L kg−1) No

DT50, half-life; Koc, soil organic carbon–water partitioning coefficient.
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0.15-m high, 0.3-m top width, and an inter-ridge spacing of 1 m
(Schock et al., 2013). A surface slope of 1% was applied in the
direction of the furrows, which is within the 0.5%–2% range of
surface slope for the D4 scenario. The HGS model domain was
discretized into rectangular prism elements of 0.05 m on each side,
which were deformed within the Ap layer below the furrows to a
thickness of 0.025 m to accommodate the difference in furrow
topography, with a uniform 0.01-m thick layer of elements added
at the soil surface. A dual permeability formulation was used to
represent a fast-flowing macropore domain coupled with a slow-
flowing soil matrix domain. A cross section through the HGS tile
drain model is illustrated in Figure 1.

The vertical profile was subdivided into five soil layers,
according to the D4 scenario. The three middle layers were
further subdivided for specification of depth-dependent PPP
degradation parameters, for a total of eight property layers. Since
not all the parameters required for HGS input were given in the
D4 tile drainage scenario, some equivalencies were estimated. The
bulk saturated hydraulic conductivity from the D4 scenario
MACRO model input was split into a saturated macropore and
matrix hydraulic conductivity for HGS by assuming a fixed
macropore fraction of 2% for the macroporous soil layers above
the tile drain depth, which was decreased to 0.1% below the tile drain
depth. Unsaturated soil hydraulic parameters, using the van
Genuchten (1980) formulation for the HGS model’s soil matrix,
were calculated using the Rosetta pedotransfer model (Zhang and
Schaap, 2017). Percent sand, silt, and clay; wilting point; and bulk
density from the D4 scenario were used as input to Rosetta.
Macropore hydraulic properties used in the HGS model followed
the van Genuchten (1980) formulation and were taken from Frey
et al. (2016). Matrix and macropore hydraulic properties used for
HGS model input are included in Supplementary Material.

There is no direct guidance in FOCUS (2001) for building 2D or
3D models of tile drainage, such as with HGS. Therefore, some
assumptions were required with respect to constructing the D4 tile
drainage scenario in HGS. In MACRO, tile drains are assumed to be
laid in a trench of highly permeable backfill material (Larsbo and
Jarvis, 2003). The highly permeable backfill assumption enables
simulation of tile drainage by 1Dmodels, such as MACRO (FOCUS,
1997). To enable comparison of results between the HGS and

MACRO models, it was convenient to adopt a similar
conceptualization of a well-drained trench in the HGS model.
Therefore, a trench backfilled with disturbed, well-drained soils
was included in the HGS model to be fully penetrating to just
below the tile drain depth (Figure 1). In HGS, the assumption of
well-drained soils in the trench required a higher macropore domain
hydraulic conductivity than the corresponding undisturbed soil,
which is a reasonable assumption. The resultant minimum bulk
saturated hydraulic conductivity used for the Ebg and Btg layers of
trench backfill material was 80 mm h−1, which is a factor of
10 greater than that of the undisturbed Ebg layer and a factor of
80 greater than that of the undisturbed Btg layer.

Daily rainfall plus irrigation for a potato crop (as a single rainfall
time series) was specified for the D4 scenario, as provided in the
FOCUS meteorological forcing data. PET calculated by MACRO
was used as input to HGS to facilitate an inter-model comparison of
water balance components. In the HGS model, a third-type bottom
boundary condition was used, which is similar to the “percolation as
a function of water table height” boundary condition used in the
MACRO model.

Crop growth was included in the HGS model through
specification of time-varying LAI and root depth based on crop
growth stages from the D4 scenario. The substance properties used
in the HGS model were for FOCUS (2001) Test Substance I, a very
low sorbing (Koc = 17 L kg−1), low persistence (DT50 = 6 d), and
moderately volatile PPP, as recommended for a potato crop from the
FOCUS test protocol. A single application per year of Test Substance
I was applied at a rate of 3 kg ha−1 to the soil surface. Due to the high
degree of sensitivity of peak tile drain effluent concentrations to
flushing caused by rainfall events, the FOCUS framework includes a
set of rules for PPP application timing relative to rainfall. For the
D4 potato scenario, the target date for spring PPP application is the
crop emergence date minus 1 day, which results in a target
application date of 22 May. The pesticide application timing
calculator (PAT) within the SWASH program was used to
generate the PPP application dates for both the MACRO and
HGS models. The basis of the PAT search algorithm is to apply
the PPP on days without excessive rainfall but to have an appreciable
amount of rainfall in the days following application. The initial rules
that the PAT calculator attempts to satisfy are that there should be at

FIGURE 1
Cross section through the HGS tile drain model for the FOCUS surface water D4 scenario, (A) showing model geometry, layering, and (B) boundary
conditions (BCs).
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least 10 mm of rainfall in the 10 days following application and less
than 2 mm of rain per day for a 5-day period centered on the
application day (FOCUS, 2001). In the model runs, the application
date ranged from 14 days prior to 1 day prior to the target date
(22 May) for the seven annual PPP applications.

The soil surface boundary conditions for the analytical heat
conduction model were assumed to be equal to the daily air
temperature provided in the FOCUS D4 scenario, with the
background temperature at depth taken to be the 7-year average
(1979–1985) of the daily air temperature.

2.3.2 Runoff scenario construction
The SWASH software program was used to generate the PRZM

model for the R3 (Bologna, IT) runoff scenario. An HGS model was
constructed to demonstrate the utility of a physics-based approach
for runoff generation, through comparison to the PRZM model.
Currently, the HGS model does not include a specific scheme for
mixing shallow PPP-laden soil water with surface runoff nor does
HGS include soil erosion and sediment transport of adhered
chemicals. Therefore, in lieu of comparing PPP transport in
runoff between HGS and PRZM, a comparison of runoff
generated by both models was made using the R3 scenario with a
potato crop to demonstrate similarities and differences between the
physics-based approach to runoff generation in HGS and the
empirically based runoff generation in PRZM. Surface runoff
generation in HGS is primarily controlled by the infiltrability of
the subsurface, which controls whether infiltration excess or
saturation excess overland flow is produced by the model. Runoff

is generated in PRZM using the empirically based Natural Resources
Conservation Service (NRCS) curve number (CN) approach
(Suarez, 2005). The CN approach was originally conceptualized
for watershed-scale, event-based streamflow estimation (Garen and
Moore, 2005). CNs tabulated for four hydrologic soil groups are
adjusted for land use, soil hydrologic condition, and agricultural
practice (Suarez, 2005). The CN tabulated in PRZM is the CN for
average antecedent soil moisture conditions and is subsequently
adjusted for soil moisture by linear interpolation between a range of
values using PRZM’s modeled soil moisture (Young and Fry, 2020).

The HGS model surface represents ridge and furrow
microtopography, typical of potato cropping, from one ridge
centerline to another at a spacing of 1 m (Figure 2). The HGS
model comprised four soil layers (Ap1, Ap2, Bk, and C) to a depth of
1.6 m. Node spacing was 0.05 m in the horizontal directions, with
node spacing 0.01 m and 0.04 m for the top two rows in the vertical
direction and 0.05 m, thereafter, to the bottom of the model. The
FOCUS R3 location has a surface slope terraced to 5%, which was
applied to the HGSmodel along the direction of the furrows. Surface
slope is not an input to the curve number method used in the 1D
PRZM runoff model (Suarez, 2005).

The CN method used in PRZM generates runoff in relation to
rainfall, initial abstraction, and soil moisture (Equation 6)
(NRCS, 2004):

Q �
0 for P≤ Ia

P − Ia( )2
P − Ia + S

for P> Ia,

⎧⎪⎪⎨⎪⎪⎩ (6)

FIGURE 2
Cross section through the HGS runoff model for the FOCUS surface water R3 potato scenario, (A) showing model geometry, layering, and (B)
boundary conditions (BCs).
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where Q [L] is runoff, P [L] is rainfall, S [L] is the potential
maximum soil moisture retention, and Ia [L] is initial abstraction
before runoff begins. S is related to the CN by S = 1,000/CN – 10,
and within PRZM, Ia is set to 0.2 S. The CN method lumps
interception, early infiltration, and surface depression storage
into the Ia term (NRCS, 2004), while in contrast, HGS models
these processes separately. This presented a challenge to
parameterize HGS and PRZM in a similar way; however, some
equivalencies were developed to aid in HGS parameterization.
Canopy interception was set to zero in HGS as it was in PRZM,
according to FOCUS (2001). Therefore, the initial abstraction
term was conceptually reduced to include only two processes:
early infiltration and surface depression storage. Within HGS, it
was necessary to only parameterize the surface depression storage
process because the infiltration process is handled separately
through hydraulic parameterization of the model subsurface. The
bare furrow in the HGS runoff model was assumed to be similar
to the fallow condition in the PRZM model, with a CN of 91,
which resulted in a calculated initial abstraction of 5 mm. An
equivalent surface depression storage in HGS can therefore be
assumed to be ≤5 mm. HGS parameterizes surface depression
storage through a term called “rill storage,” which uses a
parabolic representation for surface depressions (Aquanty,
2024). In the demonstration run, a rill storage of 4 mm was
assumed, which corresponds to an initial abstraction depth of
3.15 mm of water. Additional parameterization of the HGS
surface domain was completed by using a Manning’s
roughness coefficient of 0.1, adopted from the PRZM
model input.

Additional parameterization of the HGS subsurface domain was
required since the PRZM model is a soil water capacitance model
(i.e., a tipping bucket) and does not include hydraulic parameters
used for the discretized form of Richards’ equation in HGS,
including saturated hydraulic conductivity and the van
Genuchten (1980) parameters for variably saturated soils. Soil
texture (% sand, % silt, and % clay) is provided for the FOCUS
surface water scenarios and was used as an input to the Rosetta
pedotransfer function model (Zhang and Schaap, 2017) to generate
estimates of saturated hydraulic conductivity. Additional
supplemental information provided by FOCUS for the
R3 scenario included field capacity and wilting point as
percentage of water content by volume and bulk density, which
were used as inputs to Rosetta to produce estimates of the van
Genuchten parameters.

Daily rainfall plus irrigation (as a single rainfall time series) and
potential evaporation for a potato crop were specified for the
R3 scenario for 6 years (1975–1980), as provided in the FOCUS
meteorological forcing data. Crop growth was included in the HGS
model through specification of time-varying LAI and root depth
based on crop growth stages from the FOCUS R3 scenario for a
potato crop. As per FOCUS (2001), the analysis year for the
R3 scenario with spring PPP application was 1980, which was
the final year of the simulation. In the HGS model, a third-type
bottom boundary condition was used for the subsurface domain,
and the surface boundary conditions were no flow on the upslope
side, no flow along the two ridges, and critical depth on the
downslope side, as illustrated in Figure 2.

3 Results and discussion

3.1 Verification of soil moisture-controlled
irrigation

An example comparison of HGS water balance components for
a 20-year simulation period (first 6 years removed as spin up) is
shown for the FOCUS Châteaudun GW scenario in Figure 3 and is
compared to values from the PEARL model output of
Diamantopoulos et al. (2017). In addition to 648 mm of average
annual precipitation, average annual irrigation simulated using HGS
for Châteaudun was 204 mm, compared to 198 mm from PEARL.
Average annual combined soil evaporation and plant transpiration
simulated using HGS for Châteaudun was 612 mm compared to
637 mm for PEARL. The net result was an average annual bottom
outflow simulated using HGS for Châteaudun of 244 mm compared
to 210 mm from PEARL. Bar charts of annual water balance
components for the other eight FOCUS GW scenarios are
included in Supplementary Material.

Irrigation is a specified requirement for the potato test crop for
five of the more southerly locations out of the nine FOCUS scenarios
(Châteaudun, FR; Piacenza, IT; Porto, PT; Sevilla, ES; and Thiva,
GR). Climatic variability resulted in varied crop requirements for
irrigation to supplement rainfall for the five irrigated scenarios. Soil
moisture-controlled irrigation results produced using HGS were
compared to irrigation values from the irrigated FOCUS GW
scenarios from PEARL produced by Diamantopoulos et al.
(2017). Annual soil moisture-controlled irrigation simulated
using HGS is biased high relative to PEARL by 54 mm on
average for the ensemble of five FOCUS scenarios shown in
Figure 4A and summarized in Table 3. A high degree of
sensitivity was noted in the annual irrigation amounts calculated
by HGS relative to the pressure head trigger used (data not shown).
In HGS, the depth of irrigation water was applied based on a user-
specified table of soil matric potentials. The HGS-simulated annual
irrigation totals were within a similar range to irrigation amounts
reported for the FOCUS scenarios modeled using PELMO, reported
by European Commission (2014) (data not shown). Therefore, it
was decided that further attempt to calibrate the HGS irrigation
scheme to the PEARL model results was not justified. The positive
bias in the HGS modeled irrigation amounts is offset by higher
evaporation (41 mm on average) in the HGS results compared to
PEARL, resulting in generally lower bias (5.8 mm on average) for the
model bottom outflow shown in Figure 4B. Given the relatively low
bias between the bottom outflow of both models, the irrigation
scheme implemented in HGS appears to function sufficiently well.

3.2 Verification of PPP leaching to
groundwater

HGS results for leaching to GW for four test substances in the
Châteaudun GW scenario for a potato crop are compared to
HYDRUS, PEARL, and PELMO results after Diamantopoulos
et al. (2017) in Figure 5. Mass flux comparison plots for the
other eight FOCUS GW scenarios are included in
Supplementary Material.
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Statistics comparing modeled annual mass leached from the
four models and four test substances are given in Table 4.
Crossplots of simulated annual PPP mass leached for the nine
FOCUS GW scenarios are included in Supplementary Material.
Of the three models’ results, the PEARL results for annual mass of
PPP leached to GW show the highest degree of linear correlation
with HGS, Pearson correlation coefficient (R) = 0.94 to 0.96,
across the four test substances, which is higher than the
correlation for the two FOCUS models, PEARL vs. PELMO,
which has R = 0.84 to 0.92 across the four test substances in
Table 4. Additionally, the degree of spread, as quantified by the

root mean squared error (RMSE), and the mean bias error (MBE)
are both the lowest for HGS vs. PEARL, in comparison to
HYDRUS and PELMO. Although HGS mass leaching results
for some individual scenarios show higher bias relative to PEARL
results compared to other scenarios, the aggregate MBE is lower
in magnitude than for PEARL vs. PELMO for test substances A,
B, and D but is larger for C-metabolite. Overall, the PPP fate and
transport functionality of HGS, including the newly added non-
linear sorption and PPP degradation as a function of temperature
and soil moisture content, is satisfactorily verified against the
three other models across the four test substances.

FIGURE 3
Comparison of annual water balance components between the HGS and PEARL models for a 20-year period for the FOCUS Châteaudun
groundwater scenario with a potato crop: precipitation (A), irrigation applied (B), soil evaporation (C), plant transpiration (D), and bottom outflow (E).
PEARL model results after Diamantopoulos et al. (2017).

FIGURE 4
Crossplot of simulated moisture-controlled irrigation (A) and bottom outflow (B) simulated using HGS and PEARL models for the FOCUS
groundwater scenarios. PEARL model results after Diamantopoulos et al. (2017). Irrigated sites are indicated with filled symbols, while non-irrigated sites
have unfilled symbols.
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3.3 Demonstration of PPP transport via
tile drains

Due to differences in the dimensionality between HGS (3D) and
MACRO (1D), the comparison of HGS results to MACRO should not
be interpreted as a model verification in a strict sense; however, the
comparison of tile drainage and PPP transport in HGS to the MACRO
results does provide indication of the HGS model capability. As per the
guidance of the FOCUS framework,mass balance analysis for PPPmass
transported via tile drainage was conducted over the final 16 months of
the 7-year simulation, while the preceding 6-year period was regarded
as the model spin up. The inclusion of the spin-up period allows
buildup of PPP residues between annual application intervals, asmay be
expected to occur in a repetitional agricultural setting (FOCUS, 2001).
HGS andMACROwater balance results for the FOCUS SWD4 potato
scenario (Skousbo, DK) for the final year of the simulation (1 May
1985 to April 30, 1986) are given in Table 5. Rainfall + irrigation applied
to the two models was essentially identical. Of the remaining water

balance components listed in Table 5, percolation, runoff, and storage
change show differences betweenHGS andMACROon the order of 1%
or less when normalized by the rainfall + irrigation total. The two largest
differences between theHGS andMACRO results were forAET and tile
drain flow. The excess AET in the HGS model results was
approximately offset by a lower tile drain flow. If this comparison is
extended to the AET subcomponents, plant transpiration accounted for
87% of the difference, soil evaporation accounted for 24%, surface
evaporation accounted for 0.2%, and canopy evaporation accounts
for −11%. The exact reason for lower plant transpiration in the
MACRO model results relative to HGS is unclear.

During the winter period with negligible evapotranspiration, tile
drain flows between HGS and MACRO were very similar, as shown in
Figure 6A. During summermonths, the effect of higher transpiration in
HGS vs. MACRO resulted in periods of low to no tile drain flow from
HGS, while the MACRO flows showed high response to periods of rain
+ irrigation. A higher tile drain flow in MACRO during spring and
summer resulted in mass flushing of Test Substance I in summer that

TABLE 3 Summary of statistics for the comparison of simulated water balance components for a 20-year period for HGS vs. PEARL model results for the
FOCUS groundwater scenarios with a potato crop.

HGS-PEARLStatistic

Irrigation Evaporation Transpiration Bottom outflow

n 5 9 9 9

R 0.90 0.81 0.98 0.91

RMSE* 72 59 22 87

MBE* 54 41 −0.54 5.8

*units of mm.

FIGURE 5
Comparison of annual PPP mass flux to groundwater for the FOCUS Châteaudun potato crop scenario simulated using HGS, HYDRUS, PEARL, and
PELMOmodels for test substances: A (A), B (B), C-Metabolite (C), andD (D). HYDRUS, PEARL, and PELMOmodel results after Diamantopoulos et al. (2017).
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did not occur in HGS until fall. The delay of mass flushing in HGS until
fall allowed additional time for degradation to reduce mass in the soil
profile, thereby reducing the magnitude of the mass flux rates shown in

Figure 6B, and in the peak concentrations shown in Figure 6C. Fall and
winter tile drain mass flux and concentrations in the tile drain effluent
were higher in HGS compared to MACRO, likely due to two processes;

TABLE 4 Summary statistics for the comparison of simulated annual mass of PPP leached to groundwater for nine FOCUS groundwater scenarios for a
20-year period for HGS, HYDRUS, PEARL, and PELMO model results.

Test
Substance

Statistic HGS-
HYDRUS

HGS-
PEARL

HGS-
PELMO

HYDRUS-
PEARL

HYDRUS-
PELMO

PEARL-
PELMO

A R 0.812 0.947 0.913 0.845 0.691 0.841

RMSE* 1.95E-02 4.16E-03 5.45E-03 1.96E-02 2.21E-02 6.91E-03

MBE* −9.88E-03 6.87E-04 1.40E-03 1.06E-02 1.13E-02 7.17E-04

B R 0.821 0.935 0.792 0.841 0.586 0.844

RMSE* 3.56E-02 6.15E-03 1.07E-02 3.52E-02 4.23E-02 9.36E-03

MBE* −1.91E-02 −9.95E-04 2.41E-03 1.81E-02 2.15E-02 3.41E-03

C-Met. R 0.899 0.958 0.908 0.931 0.874 0.922

RMSE* 8.18E-02 3.89E-02 5.15E-02 5.50E-02 6.14E-02 3.47E-02

MBE* −5.21E-02 −2.78E-02 −3.47E-02 2.43E-02 1.74E-02 −6.91E-03

D R 0.843 0.950 0.872 0.805 0.634 0.886

RMSE* 3.61E-03 4.46E-04 7.85E-04 3.85E-03 4.25E-03 5.58E-04

MBE* −1.38E-03 1.09E-04 2.48E-04 1.49E-03 1.63E-03 1.39E-04

*units of kg ha−1.

TABLE 5 Water balance components for the FOCUS surface water D4 potato scenario for HGS and MACRO model runs for analysis year: 1 May 1985 to
30 April 1986.

Model Rainfall +
irrigation (mm)

Drain
flow (mm)

AET
(mm)

Percolation
(mm)

Runoff
(mm)

Storage
change
(mm)

MACRO 826 310 484 27.3 12.3 6.86

HGS 827 191 616 16.2 5.83 1.76

Difference as %
of R+I

0.1 14.3 −16.0 1.3 0.8 0.6

R, rainfall; I, irrigation; AET, actual evapotranspiration.

FIGURE 6
Comparison of HGS and MACRO modelling results for the FOCUS surface water D4 scenario as implemented with a potato crop: (A) tile drainage
rate, (B) drain effluent mass flux rate for Test Substance I, and (C) tile drainage effluent Test Substance I concentration. For panel (B), mass flux axis was
truncated to show additional detail. The peak mass flux rate for MACRO on 29 June 1982 was 78 μg d−1 m−2.
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one is the mass flushing in MACRO through summer, which depleted
the soil column of mass, and the second is the delay in HGS mass
flushing, which resulted in deeper penetration of Test Substance I in the
soil profile below the degradation extinction depth of 0.5m. Penetration
of mass below the depth of degradation resulted in elevated mass
flushing and elevated tile drain concentrations through the winter
period in the HGS results.

Mass balance results for the Test Substance I for the final
16 months of the HGS and MACRO tile drainage simulations are
given in Table 6. The largest differences between mass balance
components between the two models are for the plant uptake and
mass degraded. A higher plant uptake simulated in HGS was
offset by lower degradation. Plant uptake of Test Substance I in
MACRO was 83% lower than that of HGS, for the 16-month
period. The lower plant uptake of Test Substance I in MACRO
was at least partly attributable to the lower calculated
transpiration, which was 64% lower in MACRO than in HGS.
The remainder of the difference in plant uptake between the two
models may be a result of differences between the models with
respect to the domain (matrix or macropore), from where
transpiration water is drawn. In HGS, transpiration water is
drawn exclusively from the matrix domain (Aquanty, 2024),
while in MACRO, at least part of the transpiration stream is
drawn from the macropore domain (Larsbo and Jarvis, 2003).
The dynamics of Test Substance I concentrations in the MACRO
macropore domain would be expected to be more variable than in
the soil matrix, thereby introducing a potential difference
between the two models’ results.

For the D4 potato scenario, Test Substance I was applied
uniformly across the top of the HGS model. A cross section of
Test Substance I concentrations is plotted in Figure 7 for the date of
the summer high-flow event on 21 August 1985. It is notable that the
higher Test Substance I concentrations occurred below the bottoms
of the furrows, compared to below the ridges, at approximately 0.5-
m depth, which is the depth below which no further degradation
occurs in the model. This sequence of high and low concentrations
laterally across the model demonstrates the effect of the interaction
of the 2D flow field developed below the ridge and furrow
microtopography. Higher infiltration rates occurred below the
furrows, akin to the mechanism of depression-focused recharge
(Berthold et al., 2004; Wiebe et al., 2023) but on a smaller scale. The
increased rate of flow below the furrows transported PPP mass
deeper than under the ridges. Since degradation was specified in the
model to decrease with depth, less mass is degraded below the
furrows than below the ridges. These higher Test Substance I
residual concentrations below the furrows demonstrate that PPP
application directly to the potato ridges could reduce mass leaching
to depth and into the tile drains. Precision application of PPPs shows
potential to reduce losses to the water environment (GW or SW) by
targeting application to a smaller footprint, such as to individual
plants or rows of plants (Zanin et al., 2022). Thereby, less PPP is
applied where it is not readily effective. Precision PPP application is
increasing in practice (Anastasiou et al., 2023), and thereby, the need
for fate and transport models to simulate PPP application scenarios
that are fundamentally 2D or 3D in geometry can also be expected to
increase for exposure assessments.

TABLE 6Mass balance comparison for Test Substance I betweenHGS andMACRO for the FOCUS surfacewater D4 potato scenario for the 16-month period:
1 January 1985 to 30 April 1986.

Model Applied
(mg/m2)

Lost to
drains
(mg/m2)

Leached
(mg/m2)

Degraded
(mg/m2)

Runoff
(mg/m2)

Storage
change
(mg/m2)

Plant uptake
(mg/m2)

MACRO 300 0.0410 0.00910 298 9.76E-6 −0.0345 1.57

HGS 300 0.0120 0.00629 291 3.88E-5 −0.101 9.23

Difference as % of
mass applied

1.59E-3 −0.0263 9.37E-4 −2.55 −9.67E-6 −0.0221 2.55

FIGURE 7
Cross section through the FOCUS surface water D4 scenario, as implemented in HGS with a potato crop, showing simulated Test Substance I
concentrations within the porousmedia (micropore) domain in μg L−1 on 21 August 1985 with the water table position (black line). The tile drain position is
indicated with a black circle. The depth scale is approximate.
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3.4 Demonstration of surface runoff
generation

Surface runoff generated in HGS was compared to runoff
generated using the PRZM model for the FOCUS SW R3
scenario with a potato crop (Bologna, IT). Runoff is generated in
HGS as either infiltration or saturation excess runoff, depending on
soil moisture and variably saturated hydraulic conductivity at the
time of a rainfall event. For the PRZM model, runoff behavior is a
function of general field conditions, namely, land use, cover
treatment, hydrologic condition, and hydraulic soil group, with
modifications made to the CN based on the antecedent soil
moisture condition prior to rainfall (Suarez, 2005; Young and
Fry, 2020). Insights into the differences in runoff generated
between HGS and PRZM can be gleaned from examination of
the major water balance components for the R3 scenario, for the
1980 analysis year in Table 7. The parameterization scheme for soil
hydraulic parameters used in HGS (saturated hydraulic conductivity
and the variably saturated hydraulic parameters of the van
Genuchten (1980) formulation) resulted in similar annual
percolation rates of 189 mm and 169 mm for PRZM and HGS,
respectively. The largest difference in the subsurface water balance
occurred in AET, calculated in HGS as 545 mm, compared to
635 mm in PRZM. The ET parameters used in the HGS

R3 scenario were adopted directly from the HGS models used for
the FOCUS GW scenarios. Minor differences in annual water
storage between HGS and PRZM were observed, which is to be
expected, given the difference in model flow formulation between
the Richards’ equation-based HGS model and the soil water
capacitance-based PRZM model. The net effect on the annual
water balance was that for the 1980 analysis year, HGS produced
a higher simulated runoff of 231 mm compared to 110 mm for
PRZM, a difference of 121 mm, 90 mm of which was attributed to
lower modeled AET in the HGS model. The daily PET time series
input to both models was equal to the pan evaporation multiplied by
a pan factor of 0.9, with annual PET for 1980 of 739 mm, given in
Table 7. No attempt was made to adjust the PET input to HGS.

The PRZM AET formulation is soil moisture-based (Suarez,
2005; Young and Fry, 2020) not matric potential-based, as used in
HGS (Aquanty, 2024). PRZM does not parameterize a matric
potential-based root water uptake function, such as that of
Feddes et al. (1978), commonly implemented in Richards’
equation-based models such as HGS (Aquanty, 2024), HYDRUS
(Šimůnek et al., 2012), and PEARL (Leistra et al., 2001). Therefore,
given the differences in flow and AET formulations between PRZM
and HGS, it is not surprising that the calculated AET values are
substantially different between them. The verification of
transpiration values calculated with HGS against the HYDRUS

TABLE 7 Water balance components for the FOCUS surface water R3 potato scenario for HGS and PRZM models for 1980.

Model Rainfall +
irrigation (mm)

PET
(mm)

AET
(mm)

Percolation
(mm)

Runoff
(mm)

Storage
change (mm)

PRZM 934 739 635 189 110 −0.4

HGS 933 739 545 169 231 −13

Difference as %
of R+I

−0.1 0.0 −9.6 −2.1 13.0 −1.3

R, rainfall; I, irrigation; PET, potential evapotranspiration; AET, actual evapotranspiration.

FIGURE 8
Daily runoff simulated by HGS and PRZM for the FOCUS surface water R3 potato scenario with a potato crop for the analysis year 1980.
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and PEARLmodels (Table 3) lends credence to the robustness of the
AET formulation used in HGS. Therefore, if AET calculated in HGS
was biased low and runoff was biased high relative to PRZM, it is
likely that the ET formulation in PRZM was the source of the
discrepancy and not the AET calculation within HGS. This relatively
large difference in runoff generated between the tipping bucket-style
model (PRZM) and the Richards’ equation-based model with
Feddes’ root water uptake function (HGS) highlights the benefits
of calculating infiltration and runoff using a single physics-based
model, such as HGS. The use of multiple hydrologic models with
different numerical formulations to calculate PPP leaching to GW
and PPP transport in runoff can lead to discrepancies in the major
water balance components, which then contribute to differences in
solute mass partitioning to GW and SW pathways. A hydrologic
model cannot reasonably be expected to capture surface–subsurface
interactions that are not adequately included in its model
formulation (Ebel and Loague, 2006). Therefore, there exists a
strong use-case for the unification of PPP fate and transport to
GW and SW within a single modeling platform to avoid
misallocation of PPP mass to GW or SW or vice versa.

The frequency of runoff events was nearly identical between
HGS and PRZM, shown in Figure 8, resulting from a close match
between depression storage modeled in HGS and the initial
abstraction term in PRZM. Differences in the runoff magnitude
between the HGS and PRZM models show some seasonal trends.
Differences were generally smaller outside of the growing season,
reflecting less of an influence of the discrepancy between AET
calculated by the two models.

4 Conclusion and future work

New irrigation, soil adsorption, and chemical degradation
functionality were added to the HGS 3D fully integrated,
surface–subsurface hydrological model. The added functionality
has been verified for simulated leaching of PPPs to GW for a
suite of four test substances using nine geographically based
scenarios across the EU from the FOCUS GW framework
(European Commission, 2014). HGS model functionality for PPP
transport to SW has been demonstrated using two FOCUS (2001)
SW scenarios: one for tile drainage and one for runoff generation.
HGS results for a 2D cross-sectional dual permeability model
produced reasonable tile drain flows, mass fluxes, and
concentrations compared to the MACRO model. Runoff
generation in HGS was demonstrated through comparison to the
PRZMmodel, which highlighted the role that subsurface hydrologic
conditions play in the generation of runoff, along with the
calculation of AET.

Fate and transport modeling of PPP leaching to GW, SW via
tile drainage, or transport via runoff is commonly simulated with
multiple 1D models, each representing a separate exposure
pathway. Inherently dependent hydrological processes such as
deep percolation to GW, tile drainage, and surface runoff can be
simulated in a single 3D, fully integrated, surface–subsurface
HGS model while maintaining water and solute mass balance
closure. One-dimensional models, as commonly used for
exposure assessments, are also not capable of evaluating
complex 2D or 3D PPP application geometries or the effects

of multidimensional flow on subsurface PPP concentrations.
PPP exposure assessment for GW and SW via the tile drainage
pathway can now be extended from the use of uncoupled 1D
models to the 3D, fully integrated HGS model, with a goal of
reducing total mass of PPP in the water environment through
precision application. Thus, HGS models can demonstrate that
PPP effectiveness is maintained, while environmental risks to
GW and SW are decreased. Recognition of the potential role for
3D PPP fate and transport modeling in the regulatory area has
long been present (European Commission, 2014). However,
noted lack of modeling technology has limited application of
3D models as potential exposure assessment tools. The
verification of HGS for PPP fate and transport modeling
against existing models should serve to increase the
confidence for the use of HGS in a regulatory context. The
implications of this verification of the reactive transport
functionality of HGS for PPP fate and transport in soil and
GW are not limited to the simulation of PPPs. HGS can be
applied to other chemicals of concern with reactive transport
properties compatible with the new HGS formulations for
chemical adsorption and degradation.

Current limitations in the functionality of HGS to simulate PPP
fate and transport relative to the FOCUS GW and SW models
include a lack of vapor phase and sediment transport. For the
current suite of FOCUS test substances used to verify HGS
results for leaching of PPPs to GW, the lack of vapor phase
transport did not appear to appreciably affect the HGS results.
Future work should investigate the potential implications of vapor
phase transport on environmental concentrations of PPPs in GW or
SW. The robust physics of subsurface flow and runoff generation
and verified PPP fate processes paves the way for continued
development of HGS functionality, such as the incorporation of
PPP subsurface partitioning to surface runoff and transport of PPPs
adhered to eroded sediment.
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