'-) Check for updates

Received: 29 August 2023 Accepted: 3 June 2024

DOI: 10.1002/vzj2.20367

ORIGINAL ARTICLE

Special Section: Tribute to Rien van Genuchten, Recipient of the 2023 Wolf Prize for Agriculture

Dimensionality and scales of preferential flow in soils of Shale
Hills hillslope simulated using HYDRUS

Ying Zhao'?® | JunYi® | Rongjiang Yao* | FeiLi°® | Robert Lee Hill® |
Horst H. Gerke’

ICollege of Resources and Environmental Engineering, Ludong University, Yantai, China

2Global Institute for Water Security, University of Saskatchewan, Saskatoon, Saskatchewan, Canada

3Hubei Province Key Laboratory for Geographical Process Analysis and Simulation, Central China Normal University, Wuhan, China
4State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing, China
5Grassland Research Institute, Chinese Academy of Agricultural Sciences, Huhhot, China

®Department of Environmental Science and Technology, University of Maryland, College Park, Maryland, USA

7Leibniz Centre for Agricultural Landscape Research (ZALF), Research Area 1 “Landscape Functioning”, Miincheberg, Germany

Correspondence
Ying Zhao, College of Resources and Abstract
Environmental Engineering, Ludong
University, Yantai, 264025, China.
Email: yzhaosoils @gmail.com

Preferential flow (PF) processes are governed by subsurface soil structures at various
scales. Still, model validation and mechanistic understanding of PF are very lacking.
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model dimensionality. The objective was to learn from comparing simulation results
of multidimensional (1D, 2D, and 3D) and multiscale (pedon, catena, and catchment)
modeling approaches with comprehensive datasets, and so as to evaluate PF simu-
I/::j:j"ed to Associate Editor Majdi Abou lations based on the Richards’ equation (solved by the HYDRUS software). Results
showed limited alignment between 1D simulations and soil moisture data, mainly
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and 3D simulations outperformed 1D models. 3D simulations provided satisfactory

surrounding area). In 2D simulations at the pedon scale, models incorporating dual-
porosity and anisotropy of soils yielded more accurate predictions of water dynamics
than single-porosity and isotropic models. Furthermore, the application of 2D simu-
lation at the catena scale identify PF pathways owing to the enhanced representation
of the hydraulic connectivity between different locations along the slope. The results

confirmed the significance of multidimensional and multiscale modeling approaches
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1 | INTRODUCTION

The complexity of preferential flow (PF) is broadly acknowl-
edged, and its quantification remains challenging (Vereecken
et al., 2015). One problem is that PF may affect soil water
flow, which depends on varying precipitation inputs, soil-
terrain attributes, and moisture conditions. PF, as defined
by Hendrickx and Flury (2001), includes all phenomena
where water and solutes move along specific pathways, while
bypassing a fraction of the porous matrix, causing irregular
wetting patterns and varied rates of water movement within
the soil layers (Freeze, 1972). Understanding PF dynamics
is critical for explaining water flow through soils, design-
ing monitoring schemes, and improving numerical models
(Clark et al., 2015; Lin & Zhou, 2008). Early studies viewed
PF primarily as one-dimensional rapid flow through macrop-
ores (e.g., Vogel & Roth, 2003), focusing on vertical flow in
the unsaturated zone. However, recent studies emphasize its
multidimensional nature (Fan et al., 2019), highlighting phe-
nomena like fast flow through macropore, furrow flow from
hydraulic property variability, and fingering flow from wet-
ting front instability (Gao et al., 2018; Vereecken et al., 2015).

PF is common yet difficult to represent in hydrological
models (Beven & Germann, 2013; Gu et al., 2018; Schulz
et al., 2006) due to its scale-dependent nature related to sub-
surface structures and heterogeneities (Beven & Germann,
1982, 2013; Liu & Lin, 2015; Nimmo, 2012). Guo and Lin
(2018) highlighted key challenges in developing PF models
such as (1) difficulty in incorporating all influencing factors
and their interactions controlling PF initiation and dynamics
into physics-based models, (2) site-specific and condition-
dependent influences of controlling factors on PF, and (3)
challenges in representing hierarchical soil heterogeneity in
models. PF varies from pore to catchment scale, with dif-
ferent characteristics at each scale (Hendrickx & Flury,
2001). Smaller ones influence larger scale processes (Bittelli
et al., 2010), leading to a hierarchy of scales with increas-
ing heterogeneity from soil profile to catchment (Bloschl &
Grayson, 2001; Korres et al., 2015; McDonnell et al., 2007).
A hierarchical categorization for watersheds may improve the
identification of processes and boost forecasting capabilities
(McDonnell et al., 2007).

The scale of model domains significantly affects PF predic-
tions, with lateral resolution influencing soil water drainage

for PF simulations in hillslope hydrology. Considering the complexity and parame-
terization of 2D and 3D “bottom-up” physically based models in representing spatial
variability within and between soil profiles and/or underlying bedrock geology, the
results contribute to creating a modeling framework applicable to identify the PF

processes and thus their implications in managing water resources.

simulation. Many researchers believe the scales of existing
catchment models are too vast to account for lateral soil water
effects (Fan et al., 2019). Recently, the process of lateral PF
along the bedrock surface has been incorporated into models
(Dusek & Vogel, 2014), demonstrating that the simpler 1D
model has a similar discharge prediction against a more com-
plex 2D model. While many studies have explored uniform
and equilibrium water flow in the vadose zone (e.g., Gerke
et al., 2010; Scanlon et al., 2002), there is limited research
on preferential and nonequilibrium flows (Jiang et al., 2023;
Larsson & Jarvis, 1999; Yi et al., 2019). Few models address
the combined impacts of heterogeneity, topography, and scale
on hydrological fluxes (Bittelli et al., 2010; Clark et al.,
2015; Ebel et al., 2007). Typically, modelers use plot-scale
water flow descriptions for hillslope scale balance (Tromp-
van Meerveld & Weiler, 2008), as the large-scale models have
displayed limitations in the description of the small-scaled
field heterogeneity. The 3D simulations of lateral flow, incor-
porating diverse soil properties and boundaries, have proven
superior to 2D simulations (Fan et al., 2019; Loague et al.,
2006; Mirus et al., 2007).

Another challenge is assessing various model uncertainties,
such as soil and bedrock parameters and applied boundary
conditions (BCs) (Loos et al., 2007). While research has pri-
marily focused on single-porosity models for water flow, the
mobile—immobile, dual-porosity, and dual-permeability mod-
els are needed for nonequilibrium flow (Beven & Germann,
1982; Durner, 1994; Gerke & van Genuchten, 1993a; Jarvis
et al., 2016; Simiinek et al., 2006). Current PF models, such
as the dual-porosity and dual-permeability models, typically
rely on distinguishing the hydraulic properties between the PF
and surrounding soil matrix domains (§imﬁnek et al., 2003).
Complex landscape water movement models must account for
lateral flow from factors like anisotropic hydraulic conduc-
tivity, topography, or geological setting (Buttle & McDonald,
2002; Maxwell & Kollet, 2008). Lateral flow at soil-bedrock
interfaces is crucial for hillslope flow paths (Freer et al., 1997;
Haga et al., 2005; Noguchi et al., 1999). Some models con-
sider a permeable soil-bedrock interface, but fewer have been
validated with data (Ebel et al., 2007; Todd et al., 2000). Based
on virtual experiments, Hopp and McDonnell (2009) used a
3D model to study rain stormflow generation controls, but
their model structure lacked PF representation. Models like
HillVi (Weiler & McDonnell, 2007) focus on PF but struggle
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with parameterizing the soil characteristics related to the PF
occurrence at the hillslope scale.

Prior research at the Shale Hills watershed observatory
using detailed soil moisture data revealed distinct landscape
soil differences (Guo et al., 2014; Lin & Zhou, 2008) and com-
mon PF occurrences (Liu & Lin, 2015; Zhao et al., 2012).
For instance, Liu and Lin (2015) found that clay content
and topography contributed to 81% of the spatial variation
in PF frequency. However, there is a knowledge gap on how
spatial scale, soil heterogeneity, and bedrock permeability
individually affect PF occurrences. First, we hypothesize that
utilizing a physical-based model for soil water movement
simulation, for example, via a widely used HYDRUS soft-
ware (Kohne et al., 2004; Saito et al., 2006; Scanlon et al.,
2002; Simanek et al., 2016; Twarakavi et al., 2008), can grasp
the PF flow at the pedon scale, especially considering the
differences of soil subsurface characteristics. The core ques-
tion is whether small-scale HYDRUS code, with specific soil
data, can replicate complex hydrological system behaviors
like PF that usually occurred at a relatively larger spatial
scale (Vereecken et al., 2015). Previous studies indicate that
soil structure significantly influences water behaviors in mod-
els, but the effects of small-scale structures on PF were not
well simulated (Fan et al., 2019). Challenges arise in repre-
senting physical processes, especially during intense rainfall.
Furthermore, the complexity required in hydrological mod-
els remains debated (Tromp-van Meerveld & Weiler, 2008;
Zhao et al., 2024). While a 3D model capturing nuanced
water flow is ideal, it demands considerable computational
power (Fan et al., 2019). Indeed, although model validation
faces data constraints, it is unclear if accounting for more
complexity improves accuracy. Thus, our second hypothesis
is that a multidimensional modeling framework, associated
with the level of model complexity, is helpful for identi-
fying key processes governing PF. The multidimensional
modeling approach, in which the effects of simplifications in
lower dimension modeling are compared with results obtained
with higher dimension models, can be useful in optimizing
between the accuracy of process descriptions and computa-
tional efficiency of process-based model. However, to date,
the literature lacks a comprehensive and detailed compari-
son between hillslope soil moisture data and PF predictions
derived from a process-based model.

For this study, we simulated 1D vertical, 2D cross-
sectional, and 3D hillslope domains from a well-known Shale
Hills catchment dataset and analyzed and compared the results
to identify the cross-scale importance of smaller scale effects.
The objectives of this study are to (1) evaluate multidimen-
sional modeling approaches for identifying key processes
governing PF, (2) test dual-porosity and anisotropic mod-
els’ ability to describe PF, and (3) analyze how soil-bedrock
conditions affect PF occurrence. The results may offer a

Vadose Zon 3o0f24

Core Ideas

* The 3D model was better than 2D model to detect
the preferential flow.

* A dual-porosity or anisotropy model produced
more accurate predictions than a single-porosity or
isotropy model.

* A model domain that considered fractured bedrock
performed better than without it.

cross-scale modeling framework for PF simulation, which is
essential for water resources or environmental applications.

2 | MATERIALS AND METHODS
2.1 | Experimental site and measurements

We used field monitoring data in the model simulations from
collected between 2007 and 2010 in the 7.9-ha forested Shale
Hills catchment in central Pennsylvania (Figure 1). Soil mois-
ture monitoring indicated the presence of PF’s existence and
suggested that this water movement was influenced by soil
properties such as soil type, soil depth, permeability, and
location (Zhao et al., 2012).

The Shale Hills catchment has a humid continental climate,
with mean monthly temperatures ranging from —3°C in Jan-
uary to 22°C in July and yearly rainfall of 980 mm (National
Weather Service, State College, PA). This V-shaped catch-
ment has slopes up to 25%—48%, elevations between 256 and
310 m, and is crossed by a first-order stream. It is built on a
300-m deep fractured Rose Hill Shale and features a maple-
oak-hickory forest. The soils, mainly silt loam and silty clay
loam, were derived from shale colluvium and have numerous
shale fragments (Table 1).

Sensors were installed at four sites to monitor soil condi-
tions in different terrains as follows (Figure 1 and Table 1):
Weikert series on a hilltop, Rushtown series upslope, Rush-
town series midslope, and Ernest series valley floor near a
stream (Sites 74, 53, 51, and 15, respectively). Each site had
sensors to measure soil water content, soil matric potential,
and soil temperature. The study mainly focused on 10-min
interval soil moisture data using capacitance-type soil mois-
ture probes (ECH,0-5 or ECH,0-10), with +3% accuracy
and 0.1% resolution (Decagon Devices Inc.). We evaluate PF
occurrence using a soil moisture response time method. That
is, the occurrence of PF was observed when a lower soil hori-
zon responded to rainfall earlier than the one above (Lin &
Zhou, 2008), as indicated in Figure 2 for sites 74 and 51.
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FIGURE 1 Location (a), shape (b), and the study hillslope (c) of the Shale Hills catchment, and graphical representation of the HYDRUS-1D

(d), -2D (e), and -3D (f) simulation model domains with different soil materials (presented by different colors) for the monitoring sites 74, 53, 51,

and 15 and the applied boundary conditions. ET, evapotranspiration.

Note that the term “PF” encompasses various flow types like
macropore, unstable, and funnel flow. While we do not have
set criteria for determining the type of PF (Guo & Lin, 2018;
Hendrickx & Flury, 2001; Nimmo, 2012), our method using
soil moisture sensor networks (i.e., nonsequential soil mois-
ture response method) might underestimate its presence as it
does not account for all possible phenomena.

To determine soil hydraulic properties (Table 2), repre-
sentative soil horizons were sampled from each soil pit. The
saturated hydraulic conductivities (K) were determined with

the falling head method (Zhao et al., 2010) using large (30-
cm diameter and 20-cm long) and intact soil cylinder sampled
in both vertical and horizontal directions (Lin et al., 2006).
The differences between the lateral and vertical values indi-
cated anisotropy of K, for example, the horizontal K values
were almost 10 times higher than the vertical values for the B
horizon and in the vicinity of the bedrock fractures (Table 2).
This difference is ascribed to a platy structure leading to a
higher pore continuity in the horizontal direction along the
aggregate surfaces and fractures. This higher continuity has
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FIGURE 2 Volumetric soil moisture content and rainfall intensities during the drier period of August 19-24, 2007 at sites 74 (a) and 51 (b).

The time at which soil moisture contents started to increase is indicated by bold arrows. The different colored lines identify the soil horizons with the

horizon layer in capital letters and the depth of soil moisture sensor in parenthesis. The dash line indicates the occurrence of preferential flow.

helped with how a hydrologic and geochemical model should
be developed (Fan et al., 2019). The water retention character-
istics were determined with the pressure plate method (Zhao
et al., 2010), and the parameters of the soil hydraulic func-
tions were fitted using the RETC (RETention Curve) code
(van Genuchten et al., 1991). The soil texture, bulk density,
and total carbon content were determined using disturbed soil
samples (Zhao et al., 2010). The precipitation and weather
data required to estimate potential evapotranspiration were
recorded by an in situ automatic micrometeorological station
(Lin et al., 2006). Root density, leaf area index, and coverage

of trees were based on the local measurements (Brantley et al.,
2018), and a groundwater level sensor (Odyssey Capacitance
Water Level Logger, Dataflow Systems Ltd) was installed at
site 15 (Figure 1); more details can be found in Brantley et al.
(2018).

2.2 | Soil water flow modeling

We used HYDRUS software package (1D, 2D, and 3D)
(§im1°1nek et al, 2016) for the simulations, comparing
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the baseline HYDRUS-2D with HYDRUS-1D and 3D
regarding model dimension issues (Table 3). Using the cal-
ibrated HYDRUS-2D, we examined uncertainties like soil
properties, bedrock features, and applied BCs to study PF.

The HYDRUS codes solve Richards’ equation for uniform
water flow in variably saturated domains. The modified form
of Richards’ equation for HYDRUS-1D was well described
in Zhao et al. (2023). The governing flow equation for
HYDRUS-2/3D is given as follows:

90 _ 9 < K(KA— oh | KA)> - S (D)

ot dx i 0X;

where 6 is the volumetric water content (L3 L3), 4 is the
pressure head (L), S is a sink term (T~'), x; (i = 1, 2, 3)
are the spatial dimensions (L), ¢ is the time (T), and K,-jA and
K ,-ZA are the components of a dimensionless anisotropy tensor
K*, and K is the unsaturated hydraulic conductivity (L T~1),
respectively. We used the van Genuchten—Mualem model (van
Genuchten, 1980) for describing the hydraulic functions as
follows:
0 -6, 1

S = = 2a
¢ 05 — 6, 1+ |ah|n)m e

K = K- (- s/ (2b)

where S, is the effective saturation, 6, and 6, are the saturated
and residual water contents (L L™3), respectively, the sym-
bols a (L™1), n, and m are the shape parameters, with m = 1
— 1/n, K, is the saturated hydraulic conductivity (L T-!), and
1 is a pore connectivity parameter, which was set to 0.5.

A nonequilibrium dual-porosity model of the mobile—
immobile type was also used in addition to the single-porosity
model (Equation 1). This dual-porosity model assumes that
the pore system is partitioned into an inter-aggregate or frac-
ture pore domain and an intra-aggregate pore domain without
macroscopic water flow (§imf1nek et al., 2003). This concep-
tualization leads to a two-region mobile—immobile type flow
mo> & and
an immobile (or stagnant), 8, ,, water content (L? L3), with
0 =0, + 6;,. Thus, the models incorporate the effects of PF
using the dual-continuum concept. The coupled dual-porosity

model that partitions the liquid phase into a mobile, 8

water flow model was described as follows (Gardenas et al.,
2006):

20 0 oh
artno == <Kij?mj° + Kiz> -S..-T, (a)

1

20,

= = S+l (3b)
where S, and S;,,, are the sink terms for the mobile and immo-
bile regions, respectively (T~!) and I',, is a first-order water

TABLE 3 Design of the multidimensional, that is, 1D, 2D, and 3D modeling approaches and corresponding comparisons used in the study.

Scale

Simulation period

Bottom boundary

KS

Soil water model

Model dimension

Simulation

Model calibration

2D

Pedon

Hourly: 2007.07.01-2007.08.31

IB (no flux)

Iso

VG and DP

comparison of model dimension

2D (baseline)

Pedon, catena

Hourly: August 19, 2007-August 24, 2007
Daily: January 1, 2007-December 31, 2007

IB (no flux)

Iso

VG

Yearly: January 1, 2008—December 31, 2010
Hourly: August 19, 2007—-August 24, 2007
Daily: January 1, 2007-December 31, 2007
Hourly: August 19, 2007—-August 24, 2007
Daily: January 1, 2007-December 31, 2007

Pedon

1B (no flux)

Iso

VG

1D

Pedon, catena,
catchment

IB (no flux)

Iso

VG

3D

comparison of model uncertainty with

the baseline
2D

2D
2D

Pedon, catena

Daily: January 1, 2007-December 31, 2007
Daily: January 1, 2007-December 31, 2007
Daily: January 1, 2007-December 31, 2007

1B (no flux)

Iso

DP

Pedon, catena

IB (no flux)

Ani

VG
VG

Pedon, catena

FB (free drainage)

Iso

Abbreviations: Ani, anisotropy K; DP, dual-porosity model; FB, fractured bedrock, IB, impermeable bedrock; Iso, isotropy K; VG, single-porosity model.
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transfer term for describing the exchange between the inter-
and intra-aggregate pore domains (T~!), here based on the
difference in the pressure head between the mobile (subscript
mo) and the immobile (subscript im) domains (Gerke & van
Genuchten, 1993b) as:

Ly=a, (hmo - him) (3c)

where a,, is a first-order mass transfer coefficient (L~' T~!):

a, = %Ka(h)yw (3d)
where d is an effective diffusion path length (i.e., half the
aggregate width) (L), f is a shape factor that depends on the
geometry of the soil aggregates (-), y,, is a scaling factor (-),
and K|, is the effective hydraulic conductivity of the fracture—
matrix interface (L T~!) determined as a simple arithmetic
average involving both &, and A, as follows:

K, (h) = 05[K,(hs) = K,(h,)] (3e)

2.3 | Model domain, initial, and BCs
The V-shaped study area in the Shale Hills catchment is used
in our model test due to the sub-catchment being typical
and well-monitored. This area represented in a 3D simulated
domain (see Figure 1d), measures 85 m in length, 3-8 m in
width, and 1-4 m in depth with a slope ranging from 7%
to 38% (Figure 1 and Table 1). Based on soil horizon data,
soil profiles are divided into 18 materials with depth-specific
hydraulic properties: four layers (materials in Figure 1) for
both hilltop (site 74) and upslope (site 53) and five layers for
both midslope (site 51) and the valley floor (site 15) (Table 2).
To compare with the 3D domain, the 2D simulation repre-
sented the transect along the slope from sites 74 to 51 (see
Figure le), while the 1D simulation represented a vertical soil
profile consisting of these heterogeneous layers located at the
different monitoring sites (Figure 1f and Table 1). The 3D
domain uses the Shale Hills hillslope digital elevation model
(DEM) derived from 2006 LiDAR data (Lin et al., 2006).
About 40,000 LiDAR points were converted into a 1 m X 1
m DEM using ArcGIS 9.2 (ESRI Inc.). These data generated
a finite element mesh of 46,200 nodes and 80,959 3D trian-
gular prism elements, with a denser grid in the topsoil and
around layer boundaries for ensuring numerical stability.
Initial conditions were established using linear interpo-
lation of soil moisture at varying depths. Potential evapo-
transpiration was calculated using the Hargreaves equation
(Hargreaves & Samani, 1985) and adjusted for water intercep-
tion for the upper BC (Zhao et al., 2010). The side boundaries

Vadose Zon 9 of 24

of the model domain were set with specific conditions such as
no flux at the upslope and edges, seepage face at the lower part
(Figure 1). At the bottom, BCs were set differently depending
on the considered modeling approach, as defined in Table 3.
The minimum pressure head was —1500 kPa at the top, and
root water uptake was based on the Feddes model (Feddes
et al., 1978), with a maximum rooting depth of 100 cm, and
most roots in the upper 50 cm of soil.

2.4 | Model calibration and implementation
We calibrated the HYDRUS-2D model using 2 months of
data from July to August 2007 and used the measured soil
hydraulic parameters as initial values and the measured soil
water contents as variables in the objective function (Figure
S1). Soil texture, varying from loamy sand to sandy loam,
affected porosity and pore size distribution (Table 1) as
reflected in depth-related hydraulic parameters (Table 2). For
example, Weikert soil had lower water content and shallow R
horizon, while the Rushtown soil had a deeper profile with
more water. We optimized the hydraulic parameters using
the inverse method, adjusting the van Genuchten—Mualem
parameters @, n, and K (Table 2), while keeping the measured
values of 6, and 6, unchanged. In the dual-porosity model,
only a,, and 6, were calibrated and 6, n, and K, were kept
the same as for the single-porosity model (Table 2). The 6,
value was assumed to equal zero for the mobile region as sug-
gested by Clothier et al. (1995), who assumed that residual
water is only present in the immobile region. The calibrated
soil hydraulic parameters provided better simulations results
than the uncalibrated (e.g., measured) ones (Figure S1) and
were used in all subsequent HYDRUS simulations.

The 2D model calibration was chosen as it encompasses
the main flow paths (vertical and lateral along the hillslope)
and dominant hydrological processes, with less parameter
estimation uncertainty and reduced risk of over-fitting as
compared to the 3D model. The spatial variation and tem-
poral dynamics of PF in soils can be jointly controlled by a
complex interaction among landforms, soil properties, initial
soil wetness, and rainfall characteristics (Guo & Lin, 2018).
For consistent model dimension comparisons, we also need to
utilize consistent values of the hydraulic parameters (Table 2).
The single-porosity model was applied to simulate flow in
1D-vertical profiles, 2D hillslopes, and in 3D to account
for domains with spatially distributed properties. The 1D
single- versus dual-porosity simulations (e.g., simulation 4 in
Table 3) were used to evaluate effects of nonequilibrium flow
due to soil aggregation and a macropore network at pedon
scale. The 2D hillslope simulations allowed evaluating effects
of lateral flows due to spatially variable properties along the
slopes, such as funnel flow induced by impeding layers. The
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3D simulation allowed addressing additional flow processes
such as lateral convergence at catchment scale. The simu-
lations scenarios were spanning three scales: pedon (point),
catena (hillslope), and V-shaped catchment as follows: the
pedon scale was characterized by the 1D, 2D, and 3D mod-
els, the catena or hillslope scale by both 2D and 3D models,
and the catchment scale solely by the 3D model (Table 3).

The simulations 4-6 (Table 3) aimed at testing the cali-
bration (simulation 0) using field data from outside of the
calibrated period as suggested earlier (Melsen et al., 2016).
For the analysis of model flexibility, we used three tempo-
ral scales in our simulations depending on data availability
(Table 3): minute-based values for quick water redistribution
after rainfall and PF assessment (during August 19-24, 2007),
daily values for water dynamics within a hydrological year
(during 2007), and annual values for long-term water cycle
predictions (during 2007-2011).

2.5 | Model uncertainty and performance
assessment

Model uncertainties were expected due to soil hydraulic
parameterization and effects of assumed BCs (Zhao et al.,
2023). The impact of anisotropic hydraulic properties on
PF was explored by comparing simulation results obtained
with anisotropic and isotropic K, values. The effect of frac-
tured shale bedrock was tested using either permeable (free
drainage) or impermeable (no flux) lower BCs (Table 3).

In addition to the graphical comparison of simulated and
measured results, root mean square error, RMSE, and the
Nash-Sutcliffe efficiency, NSE, were used to evaluate the
model performance (e.g., Bittelli et al., 2010; Ebel et al.,
2007):

N
L  _ 0.7
RMSE = Ni;(Pl 0, (4a)
N (P - 0,)?
NSE=I—% (4b)
i, (0, -0

where N is the number of observations, P; and O, are
the simulated (predicted) and measured (observed) values,
respectively, and O is the mean of the observed values. The
RMSE is inversely proportional to model efficiency, with
smaller RMSE values indicating better model performance.
The NSE statistic ranges between —oo and 1, with 1 indicating
a perfect match between observed and modeled values.

3 | RESULTS

3.1 | Performance of multiple dimensions
modeling approaches

The single-porosity Richards-based models simulated the soil
moisture dynamics in various soil depths induced by rainfall
infiltration as exemplified by 1D, 2D, and 3D model predic-
tions versus measured soil moisture time series’ for sites 74
and 53 (Figure 3). The 3D model of the V-shaped catchment
provided the best predictions of soil moisture for these mon-
itoring sites in terms of the lowest RMSE values (Table 4).
The PF phenomenon seemed to be better described by 2D or
3D modeling approaches than with the 1D simulation. For
example, during the period of August 19-24, 2007, for the
pedon-scale comparisons, only 3D modeling simulated the
timing of the PF occurrences accurately. The 3D model simu-
lated an earlier soil moisture increases in the R horizon (37-cm
depth) than in the soil layer above; the 1D and 2D approaches
simulated the larger rain-induced frequent increase in soil
moisture at site 74 (Figure 3a). Similarly, at site 51, the 3D
simulation results matched with the measured soil moisture
values at the deeper 40-cm soil depth by reproducing earlier
and large increases compared to measured moisture values
at the shallower 12-cm soil depth; however, the 1D simula-
tion did not reflect this moisture difference attributed to PF
(Figure 3b). The accuracy of 2D modeling in PF simulation is
between the 3D and 1D (Table 4). The RMSE values are all
smaller than 0.1, with the smallest errors for the 3D simula-
tions and the largest errors for the 1D simulations. Similarly,
the NSE values range from —3.8 to 0.74, with the largest
values for the 3D simulation. The negative NSE values are
attributed to a few poorly simulated soil water content values
that lag behind the measured ones (e.g., see Figure 3).

For the 1-year hydrological simulations at pedon scale
(Figure 4), the 1D model (simulation 2) underestimated the
soil moisture because it did not consider the lateral flow con-
tributions. In contrast, the 2D model (simulation 1) considered
the slope-topographic effects and performed better, but the
predicted results were not as good as those obtained with the
3D model (simulation 3). In the topsoil layer at site 74, the
3D simulation outperformed the 2D simulation, even though
the 2D simulation was sensitive in capturing rainwater input
(Figure 4). For the 4-year period, the 2D model described
the soil hydrological processes similarly and accurately as for
the 1-year simulation (Figure S2). The annual water balance
simulated with the 2D model in 2007 (Figure S3), indicating
that 38% of the precipitation drained (i.e., 6% seepage flux as
streamflow and 32% groundwater recharge), 35% was evap-
oration, 19% was transpiration, and 8% went into soil water

a ‘0 'e99T6EST

sos0e// ANy wioly

85UBD| 7 SUOWWOD @ATesI0 3|qedl|dde auy Aq pausenoh ae sajpie VO ‘88N J0 SN 10} A%eiq18UlUQ AB|IM UO (SUORIPUOD-pUe-SWLBY /W00 AB| 1M AReiq 1 pul|uo//Sdhy) SUoRIpUOD Pue swie | 8y} aes *[7202/20/60] uo ARiqiauliuo A8im * (4eZ) Bunyosiosijeyaspue by Ind INHsu| Zuqie -89 HeqeH 1510H Aq 29€02°Z[2A/200T 0T/10p/wod Ao Areig1pul



Zhao ET AL. 11 of 24
0.3 -
1 (a) Site 74 5cm
0.2 1
0.1 J\/\M\M
© 0.0 T T i T i T T T 10
e 1 cm
5 0.2 ] M 1D 2D 3D
© 0.1 PR
"E I ; —t e —
8 0.0 T : T T T T T T
) 1 , 17 cm
S 0.2 1 —
5 ! P g
2 01— — £
o 1 \ £
% 0.0 T T T T T T T 37 20 >
4 1 cm =
€024 f— — 315 2
S 10 2
> 0.1 1 =
] 1° =
0.0 . : . . ; 0 ¢
2007/8/19 2007/8/20 2007/8/21 2007/8/22 2007/8/23 2007/8/24 &U
Date
0.3
1 (b) Site 51 12 cm
0.2 1
: e
= 0.1 ] " PF
£ 0.0 T I — T T T T
o : 40 cm
IS '
£ 0.2 L
5 = o
8 0.1 T T T T T T
8 M 1D 2D 3D 92 cm —
fu |
5 <
% 0.2 =
2 E
© 0.1 : . : . : 20 =
= 1 162 cm]
0.2 415 3
=) 1 110 £
= 011 15 &
] 1 c
0.0 T T T T 0 ‘©
2007/8/19 2007/8/20 2007/8/21 2007/8/22 2007/8/23 2007/8/24 &
Date
FIGURE 3 Time series of measured (M) and simulated soil moisture and rainfall intensities during the period of August 19-24, 2007 at sites

74 (a) and 51 (b) for the HYDRUS-1D, -2D and -3D models. The dash line with the same color indicates the occurrence of preferential flow that is

simulated. PF, preferential flow.

storage. The overland flow was simulated to be a relatively
small portion of the rainfall and only occurred due to larger
rainfall events at higher intensity (Figure S3).

The lateral water flows were well presented by both 3D
and 2D models at catena and catchment scales. The 3D mod-
els predicted soil moisture content distributions considering
convergent lateral flow lines, as demonstrated by the 3D sim-
ulated pressure heads in the example from August 20, 2007
(Figure 5). Intriguingly, the 2D model (simulation 4, assuming

the dual-porosity model and free drainage lower BC) clearly
shows subsurface lateral flow pathways after rainfall events in
terms of the flow velocity and the velocity vectors (Figure 6).
In this example, subsurface lateral flow in the shallow Weik-
ert soil (site 74) was simulated in the R horizon while in a
deep soil such as the Rushtown (site 51), the subsurface lat-
eral flow occurred in the B and C horizons (i.e., indicated with
pink-red triangles in Figure 6). The nearly-saturated soil mois-
ture content suggests that the water infiltrated into the bedrock
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FIGURE 4
HYDRUS-1D (S_1D), -2D (S_2D) and -3D (S_3D) models.

fractures below the shallow Weikert soil and moved laterally
to the deep horizons of the deep Rushtown soil.

3.2 | Soil hydraulic models and effects of BCs
When comparing the model performance of the 2D simu-
lations (Table 4), the single-porosity model (simulation 4)
did not perform as well as the dual-porosity model (i.e., the

Time series of measured (M) and simulated soil moisture and rainfall intensities in 2007 at sites 74 (a) and 51 (b) by the

baseline simulation 1); however, the results of the baseline
simulations improved when assuming an anisotropic K (sim-
ulation 5) further improves the simulation results (Table 4).
Figure 7 shows that both single- and dual-porosity approaches
reflected the soil moisture dynamics throughout a hydro-
logical year, and that the dual-porosity model performed
better than the single-porosity model. Moreover, improve-
ments by assuming anisotropy of the K values (Figure 8)
indicated that the soil along the slope was characterized by a
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FIGURE 5
simulated by HYDRUS-3D for August 20, 2007.

vertically fractured or -macroporous (i.e., large K /K}, ratios)
and horizontally platy or layered structure (i.e., large K, /K,
ratios).

Regarding the bottom BCs, the use of a no flux BC (sim-
ulation 1) provided a better match of simulations with data
than the use of a free drainage BC (simulation 6) at site 74
(Figure 9). In contrast, at site 51, a free drainage BC pro-
vided better predictions than a no flux BC (Figure 9). This
differences in the goodness of fits (Table 4) suggested that
site 74 was characterized by an impermeable subsurface layer
and site 51 had a permeable soil-bedrock interface (Table 4).

The water table comparisons at site 15 in 2007 showed
a similar dynamic of the simulated (simulation 3) and mea-
sured values (Figure 10), except for the summer period, when
the simulations predicted a stronger water table drop than the
measurements.

4 | DISCUSSION

4.1 | Identification of PF using a modeling
approach

Our study indicated the occurrence of PF and lateral flow
based on the analysis of soil moisture content dynamics
(Figure 2), evaluated through numerical simulations using
reasonable utilization of physically based models and cali-

-

'Y

Snapshots of spatially variable pressure head at the 0-cm topsoil (a), the 40-cm subsoil (b), and the soil/bedrock interface (c)

brated hydraulic parameters (Figure 3). The PF occurrence
was determined by both internal properties and external influ-
ences (Guo & Lin, 2018). The 1D hydrological models were
challenged to simulate the PF (Figure 3) and often exhibited
sequential flows (Larsson & Jarvis, 1999). In 2D simulations,
the flow from ridges to valleys (Figure 6) was depicted, show-
casing the interconnected nature of adjacent soil units where,
according to Zepp et al. (2005), the lateral PF developed by
connecting individual macropores into a “self-organized” net-
work. In studies conducted at both pedon and hillslope scales,
image analysis with dye tracers and X-ray computed tomog-
raphy have highlighted the significant influence of surface
topography in governing the process of PF (Mooney & Mor-
ris, 2008). The 3D simulations exhibited better performance
than the 2D simulations, demonstrating the importance of
the 3D models in the capture of lateral convergence, partic-
ularly in concave hillside positions (Figure 3b), which has
been documented in previous observations (Graham & Lin,
2011). Despite past performance limitations of the 3D models
in complex terrains (Loague et al., 2006; Mirus et al., 2007),
our research underscores the importance of these simulations
in the capture of PF dynamics and the more apparent lateral
water flow within the area where the impermeable bedrock
frequently occurred (Figure 9). Notably, while prior studies
(Camporese et al., 2019; Hopp & McDonnell, 2009; James
et al., 2010; Tromp-van Meerveld & Weiler, 2008) quantified
hydrologic variables related to the PF, these studies did not
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FIGURE 6 The 2D-distribution of (a) soil moisture content values and (b) water flux velocities displayed for August 20, 2007 (with the

dual-porosity model and free drainage lower boundary).

always accurately simulate occurrence of PF, especially when
compared to field observations.

Moving model from profile to larger scales necessitates
accounting for spatially variable input conditions, soil prop-
erties, and geological factors, which was confirmed by our
model approaches for representing PF effects in soils (Beven
& Germann, 2013). Scaling knowledge from pedon to catch-

ment is challenging due to spatial variability and dynamic
responses along the slope (Figure 2) with the increased sig-
nificance of deeper flow pathways following slope positions
(Beven & Germann, 2013; Tromp-van Meerveld et al., 2007,
Vereecken et al., 2022). At hilltop site 74, the 3D simulations
showed delays against the measured data (Figure 3), which
may be potentially attributed to the water repellency often
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FIGURE 7 Comparisons between measured and simulated soil moisture in 2007 for the single-porosity model (VG) and the dual-porosity

model (DP) at sites 74 (a) and 51 (b) for the HYDRUS-2D model.

associated with leaf litter accumulation or any lateral sub-
surface flow from an upslope area that was not adequately
represented within our model domain (Lin et al., 2006; Lin &
Zhou, 2008). Because site 74 is located near the peak of a hill,
the short distance to the peak is crucial to produce a hydrolog-
ical response (i.e., the threshold water pressure to activate PF)
at a less permeable layer, such as an unweathered rock at the
base of a profile. This potential situation (i.e., bedrock con-
tributing area) underscores the need to revisit hillslope scale

responses in the context of water-initiated processes during
wetting and drying events (Freer et al., 1997).

4.2 | Model complexities in simulating PF

Our studies found that the dual-porosity model described soil
water flow processes better than the single-porosity model,
which is consistent with other studies (e.g., Jarvis et al., 2016;
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FIGURE 8 Comparisons between measured and predicted soil moisture values displayed over time in 2007 for isotropic saturated hydraulic
conductivity (K,) and anisotropic K at sites 74 (a) and 51 (b) by the HYDRUS-2D model.

Kohne et al., 2004; Simtinek et al., 2003). Our findings
support that dual-porosity models, considering the fracture-
matrix structure of the soil, effectively capture soil moisture
dynamics (Figure 7). In this scenario, microtopography’s
impact on vertical PF formation is evident (e.g., 3D simula-
tion is better than 2D simulation; Figure 3). The accumulating
hydraulic pressure in the depressions activates macropores,
thereby directing the flow preferentially. Stratified soils often
have greater horizontal than vertical K, (Beckwith et al., 2003;

McCord et al., 1991; Newman et al., 1998), which was also
found within the deep soil layers of the Shale Hills (Table 1).
Doolittle et al. (2012) demonstrated that in our forested catch-
ment with channery shale soils, lateral PF occurred along
the bedding planes in the fractured shale. Guo et al. (2019)
also noted that water movement in the study area aligns with
the lateral slope, especially in the deeper soil. This observa-
tion could help clarify why simulations with anisotropic K|
values were more accurate than those assuming isotropic K|
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oisture values in 2007 for permeable free drainage boundary condition

(fracture) and impermeable no-flux boundary condition (no fracture) for sites 74 (a) and 51 (b) by the HYDRUS-2D model.

(Figure 8). Omitting anisotropy in hydraulic parameters can
even skew results (Ebel et al., 2007; James et al., 2010). The
implication is that anisotropic K; more accurately represent
impacts of rock fragments and fissures, with the studied water-
shed marked by both weathered and unweathered bedrocks
facilitating lateral flow.

Our study emphasizes to accurately represent fractured
shale geology when simulating PF occurrence. While numer-
ical models often view bedrock as impermeable, evidence

suggests bedrock may sometimes be more or less perme-
able (Camporese et al., 2019). Modeling requires considering
both permeable fracture-structured shale bedrock and less or
impermeable bedrock (Figure 9). Ebel et al. (2007) high-
lighted prediction errors when layered geological interfaces
are misrepresented. For instance, minor errors in simulat-
ing soil water contents can lead to significant discrepan-
cies in perched water depths (Lin et al., 2006). The 3D
model performance may be enhanced by detailed geological
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FIGURE 10

characterization to improve predictions (Figures 5 and 6),
as continuous parameterization of sub-catchment structures
remains a challenge. Beven and Germann (2013) noted
the difficulty in determining site-specific soil characteristics
regardless of the flow process representation used (e.g., site
74; Figure 3).

4.3 | Flow pathways and connectivities along
the hillslope

High-resolution soil moisture monitoring identified PF occur-
rence in the 1D vertical profile (Figure 2). Combined with
a 2/3D model analysis, hillslope-scale flow patterns can be
discerned in our study. Few rainfall events during our study
created fast water flow from hilltop to valley positions despite
PF detection at each site (see Figure 2). Similarly, Sidle et al.
(2001) also found that when forested soils reached a certain
threshold water pressure, macropores became more hydrauli-
cally active. This occurrence led to the development of an
expanded macropore network, which in turn enhanced the
effective conductance of these soils. During rainstorms (e.g.,
10 mm h~!; Figure 3) with initially dry soil, vertical macrop-
ore flow combined with lateral matrix flow was more evident
in concave midslope, while planar uphills saw dominant lat-
eral subsurface flow (Figure 7). These results may suggest
that flow paths were “locally” connected in dry conditions but
could extend to the valley (Guo et al., 2014), as seen in our 3D
simulations (Figure 5). A perched water table’s development
(Guo et al., 2014) likely spurred downslope subsurface water
movement, marked by topsoil moisture surges post-large rains

Comparisons between measured and simulated water tables for site 15 with precipitation distribution as a reference.

at site 15 (Figure 10). This perched water table suggests verti-
cal K value restrictions in lower soil layers (Table 2), leading
to gravity-driven flow. Water was then channeled laterally to
high-permeability zones, flowing to the catchment’s outlet.
Multidimensional modeling improved our understanding
of hillslope hydrology, such as flow path connectivity (Salve
et al., 2012). Two subsurface lateral flow paths were identi-
fied: one related to soil structure and another to subsurface
fractures. The first pathway started upslope (Figure 11, left)
where rainwater could infiltrate rapidly, met a less permeable
bedrock, and then moved laterally, recharging the Bw and
C horizons downslope (Guo et al., 2014). This observation
aligns with the findings of Haria et al. (2003), who observed
an increased occurrence of PF at the interface between soil
and bedrock in shallow soils above fissured chalk, particu-
larly when the water table is close to the surface. A second
pathway occurred when water flowed through bedrock frac-
tures, recharged the deep C horizon downslope (Figure 11,
right), and facilitated rapid lateral flow above the groundwa-
ter, especially during wet conditions and sustained rainfall.
Since drainage toward deeper layers was restricted along the
midslope by the relatively impermeable subsurface horizons
(Figures 5 and 6), soil water could enter the subsurface mainly
in a downslope region. In the valley floor area (at site 15),
there was likely significant water interactions (e.g., water
table dynamics; Figure 10) occurring between the fractured
bedrocks above and beneath an embedded clay layer (Table 2).
Simulated water table deviations from measurements may be
caused by inadequate consideration of a perched water table
and subsequent groundwater recharge into the soil. Nonethe-
less, the comparable patterns and behaviors observed suggest
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FIGURE 11 Conceptual diagram showing several potential subsurface preferential flow pathways along a hillslope in the Shale Hills

catchment. The soil series and soil horizons are indicated for each landscape positions (see in Table 1).

that our model may have captured the dynamics of lateral
subsurface drainage moving from hilltops to valleys.

4.4 | Evaluation of the model performance
Based on the monitoring evidence of PF and the hillslope’s
soil hydraulic and geomorphological conditions, 2/3D mod-
eling results (Figure 6) confirmed that subsurface lateral flow
is a vital flow mechanism along slopes of the Shale Hill catch-
ment (Lin et al., 2006). The simulations demonstrated that
Richards’ equation-based numerical models can help ana-
lyze and identify subsurface lateral and PF paths (Figure 11,
conceptual scheme). Considering the complexity and refine-
ment of 2D and 3D “bottom-up” physically based models
in illustrating variations in soil profiles at a larger scale,
our research has the potential to significantly contribute to
creating a comprehensive modeling framework.

Compared to earlier studies (Fan et al., 2019), our eval-
uation and suggested scheme (Figure 11) provides a more
quantitative understanding of how smaller soil structural pro-
cesses affect larger scale hydrological flows (Beven et al.,
2020; Vereecken et al., 2022); this is because of a more exten-
sive dataset for calibration and validation (Figures S1 and S2).
Our 3D simulations, beyond capturing 1D vertical and 2D
anisotropic soil water movement, also depict the spatial distri-
bution of soil types and flow path convexity on the hillslope
(Figure 5) as noted by Camporese et al. (2019). Consequently,

the model discretization captured micro-topography worked
much better than the model that did not account for those
smaller spatial features.

The 3D model illustrates the subsurface as a spatial con-
tinuum of soil horizons that are slope oriented layered soil
bedrock (Figure 1), integrating the small-scaled spatially vari-
able soil hydrological properties (Rakovec et al., 2016). This
layered structure (Table 1), which considered the importance
of the often-overlooked anisotropic hydraulic conductivity,
improved the present hydrological simulations (see Figure 8)
with results similar to a previous study (McDonnell et al.,
2007). While direct field methods to evaluate soil anisotropy
and bedrock permeability effects are absent (Camporese et al.,
2019; James et al., 2010), the present model-based analyses
(Figures 8 and 9) improved the results considerably in terms of
smaller RMSE and higher NSE values (Table 4). The assump-
tion of varying bottom BC permeability enhances simulations
by considering soil-bedrock interactions in forested hillslopes
with potential fractures (see Figure 9), similar to previous
studies (Camporese et al., 2019).

Our model approaches confirmed that the Richards
equation-based numerical code HYDRUS can simulate a
physical representation of the PF process, although the pres-
ence of this inclusion has frequently been questioned (e.g.,
Beven, 2018). Camporese et al. (2019) and Beven and German
(2013) used the Richards equation-based numerical model
(CATHY) to generate a threshold-driven hillslope response,
such as the fill-and-spill mechanism at Panola Mountain
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Nash-Sutcliffe efficiency (NSE) values and root mean square errors (RMSE) of the 1D, 2D, and 3D modeling approaches during the hydrological year 2007 at the sites 74 and 51 as

TABLE 4

used in the dual-porosity model (DP), impermeable bedrock (IB), and Isotropy K| at the pedon scale.

Simulation using the single-porosity model (VG), impermeable bedrock (IB) and Isotropic

KS

Alternate versions of the 2D model

NSE
DP

RMSE
DP

RMSE
1D

NSE
1D

Ani

FB

Ani

FB

3D

2D

3D

2D

Soil depth (cm)

Site
74

0.220 0.020 0.050 0.023
0.360
-2.223
-16.823

—0.256
—-0.127

0.705 0.045 0.021 0.021 -0.153 —0.282

0.122
0.399
0.534
—-0.195
—1.026
—0.307

—-0.319

0.018
0.18

0.031
0.029

0.018

0.329

0.456
-1.330

0.296

0.035 0.024 0.020

0.737
0.646

—0.087

0.169
—2.047
—2.538
—1.562
—0.627
—0.441
-3.790

10
17
37
12
40

0.017

0.623
0.475

0.023

0.020

0.068

Zhao ET AL.

0.029 0.019

0.017

0.021 0.020

0.036

0.030 0.049

0.036

0.498

0.067 0.059 0.034 0.239

0.312

51

0.023 0.040

0.029

0.516

0.042 0.050 0.025 0.191

0.439

0.024 0.015 0.021

0.036
—2.874

0.567
—-0.676

0.128
-2.015

0.032 0.026 0.023

0.222
—3.448

0.017
—2.558

92
162

0.026 0.040

0.035

0.074 0.043

0.044

Note: The comparisons included the corresponding 2D simulations of the single-porosity model (VG), fractured bedrock (FB), and anisotropy K, (Ani). A bold number means good model performance.

Research Watershed. Hopp and McDonnell (2009) earlier
confirmed that the Richards equation-based numerical code
HYDRUS can simulate the fill-and-spill mechanism.

A conceptual fill-and-spill model of subsurface runoff
generation (Guo et al., 2019) supported the model interpre-
tation and conceptual development (Figure 11) used in our
study. The present iteration of studying hillslope hydrologi-
cal processes (i.e., at Shale Hills) links understanding, data,
and modeling (Grayson & Bloschl, 2000). The field valida-
tion of physical-based models, although still limited, have
already allowed the identification of fractured bedrock flow
(Figure 9) as an essential process (Beven et al., 2020). With
more detailed information on the subsurface (e.g., soil hori-
zons, macropores, and bedrock) obtained through the use of
ground penetrating radar and/or electrical resistivity tomogra-
phy techniques (Guo & Lin, 2018), it has been postulated that
an appropriately parameterized, physical-based model will be
able to simulate catchment-scale water flow (Fan et al., 2019).

S | CONCLUSIONS

We compared simulations of increasingly complex models
with consistent soil moisture datasets. The multidimensional
modeling aimed to elucidate how soil-landscape features
in a small catchment affect subsurface lateral and verti-
cal PF processes. The comparison of simulations with 1D,
2D, and 3D numerical models was conducted to evaluate
the effects of considering relevant processes and BCs. The
model results confirmed that better representation in model
parameterization generally improves accuracy. The detailed
characterization of shale-derived soil thickness in a 3D rep-
resentation was found to be critical for the simulation of the
pore-water pressure and convergent subsurface flow at catch-
ments like the Shale Hills. Results further suggested that (1)
the inclusion of PF generally improved the predictions regard-
less of the model dimension (1D, 2D, or 3D) being used,
(2) the dual-porosity model outperformed the single-porosity
model since it helped estimating the contributions of macro-
pore flow within the soil, (3) the consideration of anisotropic
K, generally also improved the model accuracy, and (4) the
models that considered the presence of fractured bedrock
performed better than those models that neglected fractures
within the bedrock as a BC.
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