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Vadose Zone Journal | Advancing Critical Zone Science

Assessing the Potential Exposure 
of Groundwater to Pesticides: 
A Model Comparison
Efstathios Diamantopoulos,* Jiří Šimůnek, Christoph 
Oberdörster, Klaus Hammel, Bernhard Jene, Tom 
Schröder, and Thomas Harter
Many pesticide-leaching studies rely on the use of numerical models that 
account for various physicochemical and biological processes at a range 
of temporal and spatial scales. In leaching assessments for the registration 
of pesticides in the European Union and the United States, one-dimensional 
models are used that describe the vertical transport of soil water and pesti-
cides to groundwater. One-dimensional models are most representative for 
spray and broadcast applications of pesticides, but they may not be ade-
quate for spatially nonuniform applications such as microdrip irrigation. We 
tested whether an advanced numerical model capable of one-, two-, and 
three-dimensional flow and pesticide transport simulation [HYDRUS (2D/3D)] 
provides results consistent with one-dimensional numerical models com-
monly used for pesticide registration (PEARL, PELMO). Model comparison 
was used to assess conceptual uncertainty in soil physical representation 
of pesticide transport among numerical models across a range of applica-
tions. Simulations of soil water flow and pesticide and heat transport were 
conducted for four different hypothetical pesticides and nine European 
regulatory standard pedoclimatic scenarios (FOCUS). The results show that 
the predicted annual amount of pesticide mass leached below the depth 
of 1 m, for all substances, locations, and simulation years, was on the same 
order of magnitude among the three models. Additionally, the simulated 
80th percentile of annual pesticide concentrations at the 1-m depth was 
not statistically different among models. HYDRUS (2D/3D) can, therefore, be 
used as an alternative model for pesticide assessment studies and provides 
a conceptual framework consistent with PEARL and PELMO but capable of 
two- and three-dimensional applications as well.

Abbreviations: ET, evapotranspiration; PEC, predicted environmental concentration; PM, 
percolated mass; PW, percolated water.

Pesticides are biocidal chemical substances on which modern agriculture depends 
for good production results. The fate of pesticides in the unsaturated zone depends on a 
variety of different physical, chemical, and biological processes in the soil, as well as on 
the pedoclimatic boundary conditions and the application conditions, such as application 
type, application timing, and application rate. To avoid unacceptable levels of pesticides in 
groundwater, a thorough exposure assessment using numerical pesticide leaching models 
is required in most countries before registration is granted.

In the European Union, an assessment of potential leaching of pesticides and their 
metabolites to groundwater has been mandatory for the last two decades. For reasons 
of harmonization, FOCUS (FOrum for the Co-ordination of pesticide fate models and 
their USe) was established in 1993 to facilitate the calculation of predicted environmen-
tal concentrations (PEC) of pesticides and other plant protection products. Within this 
framework, environmental fate models are used in a regulatory context to describe the fate 
and behavior of pesticides and their metabolites in the vadose zone. Furthermore, FOCUS 
defined nine realistic worst case scenarios representing conditions in the European Union 
that are considered vulnerable to leaching. These scenarios include various locations across 
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Europe and their specific agricultural and pedoclimatic conditions 
(FOCUS, 2000).

Within the framework of FOCUS (2000), which was amended by 
FOCUS (2014), four standard models for leaching assessment are 
available, namely PEARL (Tiktak et al., 2000), PELMO (Klein, 
1995), PRZM (Carsel et al., 1998), and MACRO (Jarvis et al., 
1991; Larsbo et al., 2005). The PEARL model simulates water 
flow and heat transport by using the Soil–Water–Atmosphere–
Plant (SWAP) model (van Dam et al., 1997). In SWAP, water flow 
is described by the Richards equation (Richards, 1931), which is 
numerically solved using an implicit finite difference scheme. For 
solute transport, PEARL uses the convection–dispersion equation. 
PELMO and PRZM use the tipping bucket approach (Carsel et 
al., 1984) to simulate water flow across discrete soil layers and the 
convection–dispersion equation to simulate solute transport. Both 
models have been used in various studies on pesticide leaching 
(Ferrari et al., 2005; Estes et al., 2016; among others). PRZM was 
later extended to PRZM-3, which includes a module (VADOFT) 
that also solves the Richards equation for water flow (Carsel et al., 
2003). However, this version is not used in a regulatory context. 
Lastly, MACRO uses the Richards equation to describe water flow 
in the soil matrix and a kinetic wave equation to describe water 
flow in the macropore domain (Alaoui et al., 2003). In addition, 
it uses the convection–dispersion equation for solute transport. 
Significant differences in numerical models can be found not only 
in the treatment of flow and transport processes but also in the 
conceptualization of the driving boundary conditions (root and 
plant growth, root–water–solute interaction, soil–air interface 
conditions, soil–groundwater interface conditions).

All models mentioned above are one-dimensional, which limits 
the consideration of water f low and solute (pesticide) and heat 
transport to the vertical (z) dimension. This approach is typically 
representative of spray and broadcast applications of pesticides 
across large areas on a leveled soil surface. However, some types of 
agricultural applications, such as drip irrigation (Elmaloglou et al., 
2010), furrow irrigation (Deb et al., 2016), seed treatments (Hoesel 
et al., 2017), or crops grown on ridges, may require a multidimen-
sional description of flow and transport processes near the land 
surface because water flow is not exclusively vertical or a pesticide 
application is not uniform across the soil surface. The application 
of one-dimensional models in such situations may result in inac-
curate, overly simplistic predictions of pesticide exposure (Köhne 
et al., 2006).

HYDRUS (2D/3D) (Šimůnek et al., 2012, 2016) is a general soft-
ware package for simulating water, heat, and solute movement in 
one-, two- and three-dimensional variably saturated porous media. 
It numerically solves the Richards equation for saturated–unsatu-
rated water flow and the convection–dispersion equation for heat 
and solute transport. The main advantage of HYDRUS is that it 
can handle multidimensional flow regions delineated by irregular 

boundaries. Flow and transport can occur in the vertical plane, the 
horizontal plane, in a three-dimensional region exhibiting radial 
symmetry about the vertical axis, or in a fully three-dimensional 
domain. HYDRUS has been used and tested in various studies 
concerning water f low and pesticide transport (e.g., Boivin et 
al., 2006; Abdel-Nasser et al., 2011; Köhne et al., 2009a, 2009b; 
Šimůnek et al., 2016).

Simulating the application of pesticides to agricultural lands is a 
complex exercise involving multiple physical, chemical, and bio-
logical processes occurring simultaneously. Given the diversity of 
processes, of their drivers, and of numerical modeling approaches 
available to represent these, model comparison is a standard simu-
lation code verification method, including cases where numerical 
models solve some of the same governing equations (Vereecken et 
al., 2016). Model comparison is also useful for the identification 
of differing representations in boundary conditions, processes, or 
process interactions that may cause different model predictions; 
for studying the range of pesticide leaching predictions to a given 
forcing; and for studying how model predictions deviate under 
different forcings. Code verification via model comparison is 
used to show that different model approaches give the same or 
similar results, particularly when solving problems that cannot be 
simulated with analytical methods (Vereecken et al., 2016). From 
a management perspective, model intercomparison allows new 
modeling concepts to be evaluated for their predictive capabili-
ties and for expanding their use into more advanced management 
simulations (Vanderborght et al., 2005; Vanderborght and 
Vereecken, 2007). Verifying HYDRUS against the standard EU 
screening models in pesticide leaching studies under conditions 
given by the FOCUS framework would establish a path toward 
using HYDRUS to assess pesticide fate and transport for two- and 
three-dimensional pesticide fate and leaching problems, which the 
standard EU screening models cannot do.

In this study, we tested the hypotheses that (i) HYDRUS predic-
tions for water flow and pesticide transport are in agreement with 
the two standard EU regulatory models using the same forcing 
and matrix flow for water and solute transport as HYDRUS and 
(ii) differences in code implementation between those models may 
result in systematic deviation from established results. Specifically, 
we compared HYDRUS against PEARL and PELMO models to 
assess pesticide leaching to groundwater under the nine FOCUS 
standard scenarios (FOCUS, 2000). PEARL is based on the same 
equations as HYDRUS, while PELMO is an example of a differ-
ent conceptual approach allowed within FOCUS using a simpler, 
field capacity approach to describing water dynamics. Differences 
between PEARL and PELMO provide a range of outcomes per-
mitted under the regulatory permitting approach against which 
differences in HYDRUS simulations can be quantified. Here we 
first present the underlying mathematical equations, which are 
numerically solved in both HYDRUS and PEARL. We then 
parameterize HYDRUS (2D/3D) based on the nine FOCUS 



VZJ | Advancing Critical Zone Science p. 3 of 13

one-dimensional scenarios. The results from the three environ-
mental models are compared with respect to both water flow and 
pesticide transport in an agricultural (a single crop) scenario.

 6Materials and Methods
Numerical Modeling
Here, we focus on the one-dimensional forms of the governing 
equations. See Šimůnek et al. (2012) for the full three-dimensional 
forms of the governing equations implemented in HYDRUS 
(2D/3D). The mathematical equations for PELMO are not pre-
sented here; see Klein (1995).

One-dimensional water flow in variably saturated porous media 
is described in both the HYDRUS and PEARL models using the 
Richards equation:

( ) 1
hK h S

t z z
é ùæ ö¶q ¶ ¶ ÷çê ú= + -÷ç ÷çê úè ø¶ ¶ ¶ë û

  [1]

where q [L3 L−3] is the volumetric water content, t [T] is time, z 
[L] is the vertical spatial coordinate, positive upward, h [L] is the 
pressure head, K(h) [L T−1] is the unsaturated hydraulic conductiv-
ity function, and S [L3 L−3 T−1] is a sink term representing root 
water uptake.

HYDRUS and PEARL implement the Mualem–van Genuchten 
model (van Genuchten, 1980) to describe soil hydraulic proper-
ties. The soil water retention curve and the unsaturated hydraulic 
conductivity function are defined by
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where qs and qr [L
3 L−3] are the saturated and residual water con-

tents, respectively, a [L−1], n (dimensionless), m (dimensionless), 
and l (dimensionless) are shape parameters, m = 1 − 1/n, n > 1, and 
Se (dimensionless) is the effective saturation.

In HYDRUS, heat transport is described using a convection–dif-
fusion type equation. If we neglect the effect of vapor diffusion 
and reduce the problem to one-dimensional vertical transport, it 
is of the form
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where T is temperature [K], Cp(θ) and Cw are the volumetric heat 
capacities [M L−1 T−2 K−1] of the porous medium (as a function 
of the water content θ) and the liquid (water) phase, respectively, 
q is the volumetric water flux density [L T−1], S is the sink term 
defined in Eq. [1], and l(θ) is the coefficient of the apparent ther-
mal conductivity of the soil [M L T−3 K−1]. In contrast, PEARL 
accounts for only thermal diffusion through the soil profile. In 
PEARL, the convective heat transport represented by the second 
term and the third term on the right side of Eq. [5] are omitted. 
Both Cp(θ) and l(θ) functions are required for the numerical 
solution of Eq. [5]. There are differences between HYDRUS and 
PEARL in the parametrization of the Cp(θ) and l(θ) functions. In 
HYDRUS, Cp(θ) is approximated by

( ) ( ) ( )p o
3 16

n1.92 2.51 4.18 1  J m  0 CC - -q » q + q + q  [6]

where qn and qo [L3 L−3] refer to volumetric fractions of the solid 
phase and organic matter, respectively.

Moreover, l(q) is defined as

( ) ( )0 t wC ql q =l q +b   [7]

where l0(q) is the thermal conductivity of the porous medium for 
q = 0, and bt is the thermal dispersivity [L]. In HYDRUS, l0(q) 
can be described by the models of Chung and Horton (1987) or 
Campbell (1985). Chung and Horton (1987) represent thermal 
conductivity as a function of the water content only. Campbell 
(1985) also accounts for soil composition (percentages of solid, 
quartz, clay, and other minerals).

PEARL assumes that Cp(q) is given by

( )p sand sand clay clay o o w airC C C C C Cq =q +q +q +q +e   [8]

where qsand, qclay, qo, and e [L3 L−3] are the volumetric fractions of 
sand, clay, organic matter, and air, and Csand, Cclay, Co, and Cair are 
volumetric heat capacities of the individual components. PEARL 
computes l(q) using the method of Ashby et al. (1996), which 
accounts for both soil composition and soil geometry (particle shapes).

The transformation of a parent (p) pesticide to its metabolite (d) 
product, as well as sorption of both species on the soil matrix and 
degradation in the liquid (w), solid (so), and gas (g) phases, and the 
one-dimensional transport of the parent pesticide and metabolite 
products is described in both HYDRUS and PEARL as

( ) ( ) ( )
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where c, sso, and g are the pesticide concentrations in the liquid 
[M L−3], solid [M M−1], and air phases [M L−3], respectively; r is the 
soil bulk density [M L−3]; av is the air content [L3 L−3]; mw, mso, and 
mg are the first-order rate coefficients describing degradation of both 
species in the liquid, solid, and air phases [T−1], respectively; m¢p

w, 
m¢p

so, and m¢p
g are similar first-order rate coefficients describing the 

transformation of the parent pesticide to its metabolite [T−1], respec-
tively; Dw refers to the dispersion coefficient [L2 T−1] for the liquid 
phase and Dg to the diffusion coefficient for the air phase [L2 T−1].

In HYDRUS, the concentrations in the air phase g and the liquid 
phase c are related by the linear expression

gg k c=   [11]

with

g
H A

1k
K RT

=   [12]

where KH is the Henry’s Law constant [M T2 M−1 L−2], R is the 
universal gas constant [M L2 T−2 K−1 M−1], and TA is the absolute 
temperature [K]. PEARL relates both air and liquid concentra-
tions by assuming an equivalent expression (Tiktak et al., 2000).

For both models, Dw is given by

w w
L pure wD D q Dq = +q t   [13]

where DL is the longitudinal dispersivity [L], Dpure
w is the molec-

ular diffusion coefficient in free water [L2 T−1], and tw is the 
tortuosity factor in the liquid phase (dimensionless), described in 
both models by the Millington and Quirk (1961) model.

Similarly,

g g
pure gD D= t   [14]

where Dpure
g is the molecular diffusion coefficient of the pesticide 

in the gas phase [L2 T−1] and tg is the tortuosity factor in the gas 
phase (dimensionless) (Millington and Quirk, 1961).

Solute sorption on the soil matrix can be described in both models 
by the Freundlich adsorption equation:

f
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c
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where Kf [L3 M−1], co is a reference concentration (usually 1 mg 
L−1), and nf (dimensionless) are empirical coefficients. The value 
of Kf may strongly depend on various soil properties such as the 
organic matter content, which can be considered as the main sor-
bent, and is often approximated by

omf om fK m K=   [16]

where mom [M M−1] is the organic matter mass content in the soil 
and Kf,om is the coefficient of equilibrium sorption on organic 
matter [L3 M−1].

Both HYDRUS and PEARL assume that all transformation and 
degradation parameters (m¢p

w, m¢p
so, m¢p

g and mw, mso, mg, respec-
tively), as appear in Eq. [9] and [10], are temperature and water 
content dependent. The temperature dependence is given by
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where aR
T and aT are parameter values at a reference absolute 

temperature TR
A and absolute temperature TA, respectively; Ea 

[M L2 T−2 M−1] is the activation energy of each chemical reaction 
or process being modeled. Unlike HYDRUS, PEARL assumes 
that when T < 0, aT = 0.

The water content dependence of the transformation and degrada-
tion parameters is given by the modified equation of Walker (1974):

R
R

min 1,
*

B

a qq
é ùæ öqê ú÷ç ÷=a çê ú÷ç ÷÷ç qê úè øë û

  [18]

where aR
q and aq are parameter values at the reference water con-

tent qR* and at the water content q, respectively, and B is a shape 
parameter. The value of qR* is calculated for the reference pressure 
head hR using Eq. [2].

Boundary Conditions and Parameterization 
of the Models for the FOCUS Scenarios
Nine standard FOCUS scenarios are described in the main 
FOCUS groundwater report (FOCUS, 2000). They include nine 
locations that represent realistic worst cases for pesticide leaching 
in major agricultural regions and span the range of temperatures 
and precipitation rates occurring in the European Union’s agri-
cultural regions. The nine locations are given in Table 1. The 
simulation period is 26 yr. The first 6 yr are considered as a warm-
up period to create realistic initial water contents, temperatures, 
and pesticide concentrations. Evaluation of the predicted concen-
trations is performed for the last 20 yr.

The parameterization of the PEARL and PELMO models is 
described in the FOCUS groundwater report (FOCUS [2000, 
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Appendices C and E] and in FOCUS [2014] for the new scenarios 
of Porto and Piacenza).

HYDRUS Parameterization and Boundary 
Conditions Relative to PEARL
Using HYDRUS (2D/3D), we assumed a two-dimensional domain 
with a width of 1 cm (to obtain an approximate one-dimensional 
domain as used by the other models) and a depth of 450 cm (except 
for Sevilla, where a 600-cm domain was used). The discretization 
of the triangular finite element grid in the z direction was equal to 
1 cm, except for the top 1 cm, which was divided into four triangu-
lar elements, each with 0.5-cm vertical thickness. This resulted in 
a total number of 904 nodes (except for the Sevilla profile, which 
had 1204 nodes). The soil properties in the horizontal direction 
were assumed to be homogeneous to mimic a one-dimensional 
domain. The parameter values required to describe the soil hydrau-
lic properties (Eq. [2–4]) of all soil layers in each scenario are given 
in FOCUS (2000). An atmospheric boundary condition was used 
at the top of the simulation profile: daily precipitation (and irriga-
tion, if relevant, Table 1), potential evaporation (Ep) of water at 
the soil surface, and potential transpiration (Tp) of water through 
the plant roots are specified by the user. PEARL splits potential 
evapotranspiration (ETp) into Ep and Tp, based on each crop’s leaf 
area index and the soil cover fraction. Daily values of both Ep and 
Tp were obtained from PEARL. Different bottom boundary condi-
tions for water flow were used in different scenarios.

Table 1 shows the types of bottom boundary conditions for each 
location used in PEARL and the corresponding lower boundary 
conditions used in HYDRUS. Free drainage and flux boundary 
conditions in the case of PEARL are the same as free drainage and 
deep drainage boundary conditions, respectively, in HYDRUS. 
In PEARL, the time-dependent groundwater position boundary 
condition is a special case of a Dirichlet-type boundary condi-
tion that accounts for varying, user-specified depth to the water 

table. The pressure head at the water table is equal to zero, and the 
simulation domain is divided into an unsaturated and a saturated 
domain (Kroes et al., 2008). This type of boundary condition was 
simulated in HYDRUS using a time-dependent pressure head 
boundary condition. A no-flow boundary condition was used on 
the left and right sides of the domain. The initial condition was 
set to a hydrostatic distribution of pressure head at all locations 
(FOCUS, 2000).

For the simulation of root water uptake, PEARL calculates a 
potential water uptake distribution in the root zone, the integral 
of which is equal to Tp. In the FOCUS scenarios, it is assumed 
that potential root water uptake is constant throughout the entire 
root zone, which is defined as the domain between the soil sur-
face and the maximum rooting depth. Due to plant development, 
the maximum rooting depth is a function of time. The same root 
water uptake scheme was used in HYDRUS. In both PEARL and 
HYDRUS, actual root water uptake is derived from potential root 
water uptake using the model of Feddes et al. (1978). This model 
reduces the potential root water uptake if the pressure heads in the 
root zone are outside of an optimum range. It requires five param-
eters that are only crop specific. The model of Feddes et al. (1978) 
is also implemented in HYDRUS, and the PEARL parameters 
defined for a FOCUS crop were directly used in HYDRUS. For 
all nine scenarios, we considered a potato (Solanum tuberosum L.) 
crop as described in FOCUS (2000).

Heat flow was simulated by assuming a Dirichlet boundary con-
dition at the soil surface. Daily values of temperature at the soil 
surface were extracted from the PEARL input files and applied 
in HYDRUS as time-variable temperatures at the soil surface. 
The lower boundary condition was set equal to a third-type 
(Cauchy type) boundary condition, which reduces to a second 
type (Neumann type) when water f low is directed out of the 
domain. The required thermal conductivities for each soil layer 

Table 1. Scenarios according to FOCUS (2000), soil classification according to USDA, organic C in the topsoil, and the type of lower boundary condi-
tions used in PEARL and HYDRUS at each location.

Scenario Irrigation Organic C (20 cm) Texture (USDA)

Type of lower boundary condition

PEARL HYDRUS

%

Châteaudun L 1.4 silty clay loam free drainage free drainage

Hamburg – 1.5 sandy loam flux deep drainage

Jokioinen – 4.1 loamy sand flux deep drainage

Kremsmünster – 2.1 loam/silt loam flux deep drainage

Okehampton – 2.2 loam free drainage free drainage

Piacenza – 1.0. loam time-dependent groundwater position time-variable pressure head

Porto L 3.8 loam flux deep drainage

Sevillia L 0.9 silt loam time-dependent groundwater position time-variable pressure head

Thiva L 0.8 loam free drainage free drainage
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were obtained from the HYDRUS database according to Chung 
and Horton (1987). Finally, we assumed that the soil at t = 0 is in 
thermal equilibrium.

For each of the nine scenarios simulated with HYDRUS, the fate 
of four dummy pesticides in the vadose zone was investigated. The 
physicochemical properties of these pesticides are described in the 
FOCUS groundwater report (FOCUS, 2000) as (Table 2):

 ʶ A: a medium-persistent, low-sorbing compound that is 
nonvolatile.

 ʶ B: a low-persistent compound that is somewhat volatile.

 ʶ C: a low-persistent compound with medium adsorption having 
a persistent and mobile transformation product (metabolite), 
denoted as Met-C.

 ʶ D: a low-persistent compound that is somewhat volatile, similar 
to Substance B but with a somewhat stronger adsorption.

For the numerical solution of Eq. [9] and [10], the upper boundary 
condition was chosen to be a third-type condition accounting for 
gas diffusion. At the bottom of the soil profile, a zero concentra-
tion gradient boundary condition was selected. The soil profile was 
assumed to be solute-free at time zero. Table 2 shows the sorption 
and degradation properties for the four hypothetical substances 
that are the main drivers for leaching (Eq. [9–10]). The Freundlich 
factor Kf in Eq. [15] was calculated for each substance from Eq. 
[16], and the Freundlich exponent n was set to 0.9. The degrada-
tion coefficients in water, solid, and air phases, mw, mso, and mg in 
Eq. [9–10], were taken equal to ln(2)/DT50, where DT50 is the 
degradation half-life in soil under reference conditions (20°C, the 
water content at a reference pressure head hR). To calculate the 
decay constant for every soil layer, the reference coefficients were 
multiplied by a depth-specific factor as defined in the FOCUS 
scenarios (FOCUS, 2000). For the transformation coefficients of 
Substance C (m¢p

w, m¢p
so, and m¢p

g coefficients in Eq. [9–10]), it 
was assumed that the molar transformation fraction to the metabo-
lite was equal to 1 in all three models. This resulted in a mass 

conversion factor of 0.75 due to the differences in the molar mass 
of 200 g mol−1 for the parent and 150 g mol−1 for the metabolite 
according to FOCUS (2000).

The vertical longitudinal dispersivity was set equal to 5 cm for all 
soil layers as defined in the FOCUS scenarios (Eq. [11]). For all 
substances, we set the value of the molecular diffusion coefficient 
in free water equal to 0.43 cm2 d−1 (Eq. [11]). The molecular dif-
fusion coefficient in soil air was set equal to 0 for Substances A, C, 
and Met-C since they are not volatile. For Substances B and D, it 
was set equal to 4300 cm2 d−1. For the two slightly volatile sub-
stances (B and D), the equilibrium distribution constant between 
liquid and gaseous phases (dimensionless) was calculated from 
the substance solubility in water, the substance molecular weight, 
and its partial vapor pressure. HYDRUS requires the thickness 
of the stagnant boundary layer at the soil surface through which 
volatile substances diffuse into the atmosphere, d [L]. This was 
set to 0.5 cm (Jury et al., [1983]). The activation energy for the 
temperature dependence (Eq. [17]) of the degradation and trans-
formation coefficients was set equal to 65,400 J mol−1 according to 
the European Food Safety Authority (2008). For the water content 
dependence, it was assumed that B = 0.7 and hR = −100 cm (Eq. 
[18]), which corresponds to the water content at field capacity in 
accordance with FOCUS (2000).

Twenty-six-year simulations were conducted for all nine locations. 
In terms of water dynamics, the three models were compared in 
terms of (i) the mean annual actual evapotranspiration (ETact), 
which is equal to the mean annual actual evaporation of water at 
the soil surface (Eact) and the mean annual actual transpiration 
(Tact) from the plant roots and (ii) the mean annual volume 
of water percolated below the 1-m depth (PW). For pesticide 
transport, the annual solute mass percolating below 1 m (PM) 
was compared. Results are presented only for the following three 
locations: Kremsmünster, Châteaudun, and Piacenza. These 
locations use different types of boundary conditions at the lower 
end of the simulation domain (Table 1). Finally, we present the 
80th percentile (PEw) of the annual volume of water percolated 
below the 1-m depth and the 80th percentile of the annual flux-
averaged pesticide concentrations for the four dummy pesticides at 
1 m (PECgw) for all locations and all three models. We focus mainly 
on differences between PEARL and HYDRUS (2D/3D) and do 
not discuss in detail the results of PELMO. More information 
about the discrepancies between PEARL and PELMO can be 
found in FOCUS (2000) and FOCUS (2014).

 6Results and Discussion
For the Kremsmünster scenario, annual ETact varies from <400 to 
about 700 mm (Fig. 1a). HYDRUS ETact values follow the same 
temporal patterns obtained with PEARL and PELMO but are 
about 10 to 50 mm higher than the other two models except in 
2 yr with exceptionally low ETact. Differences in ETact between 

Table 2. Sorption and degradation properties of the four hypothetical 
substances.

Substance

Main chemical properties

Kom† DT50‡ Vapor pressure Solubility

L kg−1 d mPa mg L−1

A 60 60 10−7 90

B 10 20 0.1 90

C 100 20 10−7 50

C metabolite 30 100 10−7 90

D 60 20 0.1 90

† Freundlich partition coefficient for equilibrium sorption, normalized to 
organic matter; Kom = Koc/1.724.
‡ Degradation half-life in soil under reference conditions (20°C, pF2/water 
content at field capacity).
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PELMO and PEARL are of similar magnitude but more randomly 
distributed. The resulting PW at 1-m depth, in most years, varies 
between about 200 and >500 mm, with 2 yr showing nearly neg-
ligible PW. Given that precipitation input is identical between the 
models, the higher ETact in HYDRUS causes a lower PW relative 
to PEARL (Fig. 1b).

These differences result from different handling of actual soil 
evaporation between models. Breaking down ET into its two 
components, actual plant transpiration Tact is typically about 
250 mm and varies from 100 to 300 mm. Differences between 
HYDRUS and PEARL are small, <20 mm, except in the low ET 
years 1922 and 1923, when Tact was much lower for HYDRUS 
than for PEARL (Fig. 1c). In contrast, HYDRUS calculated 
much higher Eact than PEARL, except in the low ET year 1923 
(Fig. 1d). HYDRUS applies a Neumann boundary condition at 
the soil surface when the pressure head is greater than a critical 
minimum surface pressure head hcrit (−106 cm in this study). In 
this case, the actual evaporation flux at the soil surface is equal to 
potential evaporation. When the soil at the surface becomes drier 
than hcrit, the boundary condition switches from a flux boundary 
to a Dirichlet boundary condition with hz=0 = hcrit. SWAP, the 
water transport module in PEARL, sets actual soil evaporation 

to potential soil evaporation in wet soils exactly as in HYDRUS. 
But under dry soil conditions, SWAP limits the evaporation flux 
to the maximum evaporation rate that the soil can sustain, using 
the Darcy–Buckingham law at the soil surface. This is achieved 
by calculating the pressure head gradient between the uppermost 
node and the atmosphere. However, in SWAP, a further reduc-
tion of actual evaporation is introduced by using the approach of 
Boesten and Stroosnijder (1986), which uses an empirical param-
eter b (cm1/2). This model limits actual evaporation based on the 
assumption of a specified relationship between cumulative poten-
tial and actual evaporation (FOCUS, 2014). This explains the 
systematically lower soil evaporation values of PEARL compared 
with HYDRUS and consequently higher percolation, PW, values.

Pesticide mass transport to below the 1-m depth is much more 
dynamic than the variability in water percolation would sug-
gest. For most substances, the annual mass flux commonly varies 
by a factor of two to more than an order of magnitude between 
years (Fig. 2). Between substances, mass flux to below 1 m varies 
by nearly two orders of magnitude in any given year. Although 
the PW values calculated by HYDRUS were slightly lower than 
those of PEARL, the calculated PM values for all substances were 
consistently 10 to 50% higher with HYDRUS than with PEARL. 

Fig. 1. (a) Annual actual evapotranspiration ETact and (b) annual volumes of water (PW) percolated below the 1-m depth as predicted by the three 
numerical models (for the Kremsmünster scenario), and (c) annual actual transpiration Tact and (d) annual actual evaporation Eact as predicted by 
HYDRUS and PEARL.
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This is attributed to the higher actual soil evaporation calculated 
by HYDRUS. Higher actual evaporation leads to a lower soil water 
content in the soil profile, especially in its upper part, and conse-
quently less degradation (or transformation) of the pesticides due 
to the dependence of biodegradation on water content (Eq. [18]). 
More pesticide mass remains dissolved in the soil profile, leading 
to higher leaching concentrations.

The function that describes the water content dependency of deg-
radation is not a linear function (Eq. [18]). It also depends on the 
soil hydraulic properties (water dynamics). To assess the role of 
these conceptual model differences, simulations were run without 
moisture-dependent degradation by setting parameter B in Eq. [18] 
equal to 0 in both HYDRUS and PEARL. Under that scenario, 
HYDRUS predictions followed those of PEARL closely but were 
consistently about 10 to 15% lower than PEARL due to the lower 
PW in HYDRUS (Fig. 3).

For Châteaudun, all models predict similar values of yearly ETact 
and PW (Fig. 4). HYDRUS results, while in significantly better 
agreement with PEARL than for the Kremsmünster scenario, 
are again consistently higher in ETact values and consistently 
lower in PW values than PEARL. Despite the much better agree-
ment between HYDRUS and PEARL in water flow dynamics, 

HYDRUS here again predicts higher values of PM than PEARL 
for all substances (Fig. 5), similar to the Kremsmünster scenario, 
due to the differences in soil moisture dependent degradation dis-
cussed above. The larger differences (despite nearly identical flow 
dynamics) are not surprising given the sensitivity of mass transport 
to the upper boundary condition and soil moisture and the highly 
variable transport dynamics.

In the Piacenza scenario, the climate forcing is different, yet 
the results of the model runs are consistent with those for 
Kremsmünster and Châteaudun: HYDRUS predicts higher 
values of ETact and consequently lower values of PW (Fig. 6). For 
Substances B and D, HYDRUS predicts higher PM values than 
PEARL (Fig. 7), similarly to the Kremsmünster scenario. For 
Substances A and C, HYDRUS results fell mostly between the 
PEARL and PELMO predictions of pesticide leaching. Similar 
results were obtained for the remaining six FOCUS scenarios.

In pesticide leaching assessments according to FOCUS (2000) and 
FOCUS (2014), an important output variable is the amount of 
water and pesticide mass flux that percolates to below a specific 
depth. A comparison of the 80th percentile (PEw) of the annual 
volume of water percolated below the 1-m depth (PW), measured 
across 20 simulation years, shows that PEARL results, in most 

Fig. 2. Annual values of percolated mass (M.) as predicted by the three models for (a) Substance A, (b) Substance B, (c) a metabolite of Substance C, 
and (d) Substance D for the Kremsmünster scenario.
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scenarios, agree somewhat better with HYDRUS results than with 
PELMO results (Fig. 8). The results agree best among the three 
models for scenarios using the free drainage and deep drainage 
boundary conditions and least for scenarios using variable pres-
sure head boundary conditions (Fig. 8a). As described above, the 
variable pressure head boundary condition is not identical to the 
time-dependent groundwater position used in PEARL, resulting 
in increased values of PW for HYDRUS. The overall magnitude 

of the differences between the 80th percentiles predicted by 
HYDRUS and PEARL is similar to that between PEARL and 
PELMO across all nine scenarios (Fig. 8b). The differences 
between HYDRUS and PEARL are smaller than the differences 
between PEARL and PELMO for seven scenarios. The root mean 
square difference between HYDRUS and PEARL (PEw

HYDRUS 
− PEw

PEARL) was 78 mm of water, whereas between PELMO and 
PEARL (PEw

PELMO
 − PEw

PEARL) it was108 mm. Additionally, 

Fig. 3. Annual values of the mass percolated (M.) below 1 m as predicted by HYDRUS and PEARL assuming no water dependency of the degradation 
and transformation parameters for (a) Substance A, (b) Substance B, (c) a metabolite of Substance C, and (d) Substance D for the Kremsmünster scenario.

Fig. 4. (a) Annual actual evapotranspiration (ETact) and (b) annual volumes of water percolated below the 1-m depth as predicted by the three numeri-
cal models for the Châteaudun scenario.
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we tested the null hypothesis that the two quantities (PEw
HYDRUS 

− PEw
PEARL and PEw

PELMO
 − PEw

PEARL) are from populations 
with equal means. A two-sample t-test did not reject the null 
hypothesis at the 5% significance level (p = 0.32).

The works of both Scanlon et al. (2002) and Vanderborght et al. 
(2005) highlighted that the implementation of the upper bound-
ary condition is very often associated with different predictions 

for both water and solute transport. In model applications, it is 
therefore important that information exists to confirm the correct 
prediction of actual evaporation. For models based on the Richards 
equation, it further implies the need for accurate estimations near 
the soil surface, since actual evaporation is calculated as a function 
of the hydraulic conductivity curve. A better description of the soil 
hydraulic properties in the dry range is therefore critical, especially 
for applications in semiarid regions.

Fig. 5. Annual values of the mass percolated (M.) below 1 m as predicted by the three models for (a) Substance A, (b) Substance B, (c) a metabolite of 
Substance C, and (d) Substance D for the Châteaudun scenario.

Fig. 6. (a) Annual actual evapotranspiration ETact and (b) annual volumes of water percolated below the 1-m depth as predicted by the three numerical 
models for the Piacenza scenario.
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Fig. 7. Annual values of the mass percolated (M.) below 1 m as predicted by the three models for (a) Substance A, (b) Substance B, (c) a metabolite of 
Substance C, and (d) Substance D for the Piacenza scenario.

Fig. 8. (a) The 80th percentile of percolated water 
volumes (PEw) below 1 m as predicted by the three 
models for the nine FOCUS (2000) scenarios, 
and (b) differences between PEw

HYDRUS and 
PEw

PEARL (blue) and between PEw
PELMO and 

PEw
PEARL (green).



VZJ | Advancing Critical Zone Science p. 12 of 13

The 80th percentiles of the annual mass flux during a 20-yr period, 
PECgw, vary across nearly four orders of magnitude for the four 
substances and nine scenarios (Fig. 9a). Given such a large range, 
the three models are in similarly good agreement with each other 
across different pesticide substances and scenarios, but particularly 
for those scenarios using a free drainage boundary, without any 
outliers (Fig. 9a). The differences in predicted percentiles between 
HYDRUS and PEARL are of the same magnitude as those 
between PEARL and PELMO (Fig. 9b). The root mean square dif-
ference of the logarithm of (PECgw

HYDRUS − PECgw
PEARL) was 

0.98 log10(mg L−1), whereas the mean square difference of the loga-
rithm of (PECgw

PELMO − PECgw
PEARL) was 1.02 log10(mg L−1). 

A two-sample t-test between the logarithms of (PECgw
HYDRUS 

− PECgw
PEARL) and (PECgw

PELMO – PECgw
PEARL), sampled for 

the nine scenarios and four pesticides (36 samples), reveals that the 
average difference between them is not significant (p = 0.34). As 
discussed above, HYDRUS consistently predicts higher PECgw 
relative to the other models while preserving the dynamic vari-
ability that is simulated by PEARL and PELMO.

 6Conclusion
The multidimensional HYDRUS (2D/3D) model was compared 
against two one-dimensional, standard EU regulatory models 
for the evaluation of water f low and pesticide transport in the 

unsaturated zone for the nine different standard locations in the 
EU used by the FOCUS protocol and across four hypothetical 
pesticides with markedly different volatilization, sorption, and 
degradation behavior. An equivalent one-dimensional domain 
was set up in two dimensions with HYDRUS (2D/3D) to allow 
benchmark testing using the FOCUS protocol. The tests indicate 
that HYDRUS simulations provide results that are consistent with 
those obtained from the officially sanctioned models, PEARL or 
PELMO. Differences between HYDRUS and PEARL can be 
explained by differences in the treatment of boundary conditions 
and some differences in the formulation and parameterization of 
unsaturated zone flow. The magnitude of the differences between 
HYDRUS and PEARL is statistically not different from the mag-
nitude of differences between other models within the regulatory 
suite of the FOCUS protocol. The results establish a strong point 
of reference for HYDRUS (2D/3D) to be used as an alternative 
to PEARL and PELMO. HYDRUS (2D/3D) would be most 
appropriate to use for regulatory assessments of pesticide fate and 
transport under conditions that are not adequately described by 
one-dimensional flow and transport, such as pesticide applications 
in micro-drip, micro-sprinkler, or in-furrow irrigation applications.

The comparison also revealed that different predictions of water 
dynamics (lower water leaching in the case of HYDRUS) may 
propagate inversely to pesticide transport (a higher mass leached 

Fig. 9. (a) The 80th percentile of substance concen-
tration (PECgw) at 1 m as predicted by the three 
models, the four dummy pesticides (A, B, a metab-
olite of C, and D), and the nine locations (total 
number of points: 108), and (b) the logarithms of 
the difference between PECgw

HYDRUS and PEC-
gw

PEARL (blue) and between PECgw
PELMO and 

PECgw
PEARL (green).
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in the case of HYDRUS). The prediction of relative drier soil 
near the soil surface in the case of HYDRUS resulted in long-
term systematic differences in pesticide transport. This is due to 
interconnections between the two processes (water flow and pes-
ticide transport). The interaction between processes like that are 
important and should be always taken into account in evaluating 
hydrological model predictions.
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