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Abstract

Subsurface drained experimental fields are frequently used for studying preferential
flow (PF) in structured soils. Considering two-dimensional (2-D) transport towards the
drain, however, the relevance of mass transfer coefficients, apparently reflecting small-
scale soil structural properties, for the water and solute balances of the entire drained5

field is largely unknown. This paper reviews and analyzes effects of mass transfer re-
ductions on Br− leaching for a subsurface drained experimental field using a numerical
2-D dual-permeability model (2D-DPERM). The sensitivity of the “diffusive” mass trans-
fer component on bromide (Br−) leaching patterns is discussed. Flow and transport is
simulated in a 2-D vertical cross-section using parameters, boundary conditions (BC),10

and data of a Br− tracer irrigation experiment on a subsurface drained field (5000 m2

area) at Bokhorst (Germany), where soils have developed from glacial till sediments.
The 2D-DPERM simulation scenarios assume realistic irrigation and rainfall rates, and
Br-application in the soil matrix (SM) domain. The mass transfer reduction controls
preferential tracer movement and can be related to physical and chemical properties15

at the interface between flow path and soil matrix in structured soil. A reduced solute
mass transfer rate coefficient allows a better match of the Br− mass flow observed in
the tile drain discharge. The results suggest that coefficients of water and solute trans-
fer between PF and SM domains have a clear impact on Br− effluent from the drain.
Amount and composition of the drain effluent is analyzed as a highly complex interre-20

lation between temporally and spatially variable mass transfer in the 2-D vertical flow
domain that depends on varying “advective” and “diffusive” transfer components, the
spatial distribution of residual tracer concentrations, and the lateral flow fields in both
domains from plots of the whole subsurface drained field. The local-scale soil struc-
tural effects (e.g., such as macropore wall coatings), here conceptualized as changes25

in mass transfer coefficients, can have a clear effect on leaching at the plot and field-
scales.
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1 Introduction

Preferential flow (PF) has frequently been described in soil hydrology and fractured
rock hydrology as non-uniform percolation of water, which is bypassing relevant vol-
ume fractions of a porous medium along preferred flow paths (e.g., Flury et al., 1994;
Berkowitz, 2002; Jarvis, 2007). One major problem associated with the occurrence5

of PF is that it limits the filter function of the rock matrix or the soil matrix (SM) for
solutes, colloids, particles or other components that are transported along with water
in flow paths. Among the various porous systems (i.e., soils, fractured rocks, sedi-
ments), structured soils of intensively cropped arable land with subsurface drains are
of particular environmental concern with respect to unintended water pollution by agri-10

cultural chemicals (e.g., Stamm, 1998; Kohler et al., 2001; Stone and Wilson, 2006).
Preferential flow has been identified as a major process responsible for the transport
of surface-applied pesticides to subsurface drains, in particular, in the medium- and
fine-textured soils across the US (e.g., Kladivko et al., 2001) and Europe (e.g., Brown
and van Beinum, 2009). Furthermore, macropore flow towards agricultural subsurface15

drains contributes to nitrogen losses to streams (e.g., Vidon and Cuadra, 2010), and
phosphorous leaching (e.g., Gentry et al., 2007; Tiemeyer et al., 2009), which signifi-
cantly affect both, the quality of groundwater and the eutrophication of surface waters
(de Jonge et al., 2002). Soil structure-induced hydraulic connectivity between the soil
surface and the drain increases the potential for initiation of “short-circuiting” flux of20

water (Shipitalo et al., 2004; Kohler et al., 2005; Nielsen et al., 2010), which pushes
tracer and even colloids towards subsurface drains (e.g., Akay and Fox, 2007; Akay
et al., 2008; Nielsen et al., 2011) in a yet largely unpredictable way.

Subsurface drained plots and fields have been utilized for experimental studies to
improve understanding of larger-scale PF and associated transport processes, (e.g.,25

Zehe and Flühler, 2001; Fortin et al., 2002; Kohler et al., 2003). These studies assume
that the subsurface drained area can be viewed as a field-scale lysimeter (Richard and
Steenhuis, 1988) that integrates all effects of soil and subsurface spatial heterogeneity
and structures occurring at the field site. Although limitations have been identified for
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studying pesticide transport (e.g., Jacobsen and Kjaer, 2007), the concept is useful
where tile drainage accounts for most of the drainage from the hydrological catchment
(Li et al., 2010); conditions that are frequently assumed for agricultural post-glacial
soil landscapes where relatively low permeable till sediments are forming the bottom
boundary (e.g., Villholth et al., 1998; Wichtmann et al., 1998; Jaynes et al., 2001).5

Here, the drain effluent triggered by preferential flow is typically characterized by rel-
atively large but short-lived solute concentration peaks and a reversed peak dynamic
with largest concentrations during first drainage event after application (Kladivko et al.,
2001; Gärdenäs et al., 2006).

Attempts to describe observed tile effluent patterns by accounting for soil structure10

effects included one-dimensional (1-D) and two-dimensional (2-D) numerical single-
and dual-domain models (e.g., Haws et al., 2005; mobile-immobile: Boivin et al.,
2006; Köhne et al., 2006) and transfer functions (e.g., Gaur et al., 2006) among other
approaches (e.g., Kohler et al., 2003). The dual-permeability model (DPERM) de-
scribes transient flow of water and transport of solutes in structured soil under variably-15

saturated conditions within two interacting pore domains (Gerke, 2006). The various
DPERM approaches assume either gravity-driven flow in macropores (e.g., Larsson
and Jarvis, 1999; Larsbo et al., 2005) or Darcian flow in a more permeable domain
(e.g., Gerke and van Genuchten, 1993a). While conceptually equivalent, flow in the
PF domain is assumed to be dominated by gravity in one approach and by capillar-20

ity in the other (cf., Šimùnek et al., 2003). Physically more realistic descriptions are
currently evolving that include film flow (Nimmo, 2010), travelling dispersive waves (Di
Pietro et al., 2003), and gravity-driven viscous flow (Hincapie and Germann, 2009)
among others (see Gerke et al., 2010).

While the two-domain approach introduces effective macroscopic parameters that25

are difficult to observe (e.g., kinetic mass transfer terms), more explicit single domain
formulations require geometric information that are also not easily available (e.g., Klaus
and Zehe, 2011), such as the spatially explicit representation of macropore structures
as connected pathways (Klaus and Zehe, 2010). Furthermore, local nonequilibrium
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can occur that has been described as a major aspect of preferential flow (Jarvis, 2007)
in addition to effects of soil spatial heterogeneity. Local differences in pressure head
or solute concentrations are often related to small-scale soil structural features (e.g.,
Vervoort et al., 1999; Ersahin et al., 2002), and differences in preferential flow were
found to be related with soil structural development (Shaw et al., 2000) or resulting5

from compaction (Coquet et al., 2005). Nonequilibrium conditions induce local mass
transfers that are depending on structural geometries and hydraulic and transport prop-
erties of aggregates and biopores, or sorption and diffusion properties of burrow walls
or clay-organic coatings (e.g., Jarvis et al., 2009). Macropore wall coatings have also
been reported to significantly affect transport of reactive solutes in structured soil (e.g.,10

Mallawatantri et al., 1996; Bundt et al., 2001). This is because not only hydraulic (Gerke
and Köhne, 2002) and diffusion properties (Köhne et al., 2002a) but also sorption prop-
erties of macropore walls (Hansen et al., 1999) and the organic matter (OM) composi-
tion of coatings can be different from the bulk soil (Ellerbrock and Gerke, 2004). It is
likely to assume that during non-equilibrium type of PF flow, the reactive solutes in the15

rapidly percolating solution interact preferably with the solids at and near the flow path
surfaces (e.g., Youngs and Leeds-Harrison, 1990). Assuming that mineral particles are
mostly encased by OM, sorption properties of a structured soil are largely controlled
by the OM composition of linings along worm burrows (e.g., Turner and Steele, 1988;
Stehouwer et al., 1993); the OM composition can even be spatially distributed at the20

mm-scale (Ellerbrock et al., 2009; Leue et al., 2010). Further discussions about the
relevance of locally-different properties of PF paths on the prediction of reactive trans-
port (i.e., of cadmium (Cd) during nonequilibrium conditions) can be found elsewhere
(Dusek et al., 2010).

Because of the complexity of local properties in structured soil, effects of mass ex-25

change on solute leaching are still poorly understood. The solute mass transfer coef-
ficient based on first-order kinetic (cf., Ebel et al., 2009) was found highly sensitive in
a 1-D vertical study (Gerke and Köhne, 2004). For the 2D-DPERM simulation of flow
and transport in a vertical cross section, the mass transfer processes are additionally
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affected by lateral processes and more complex boundary conditions (e.g., Dusek
et al., 2008). For 1-D vertical cadmium (Cd) leaching in heavy clay soil (Dusek et al.,
2010), the Cd distribution between domains assuming preferential particle-facilitated
transport, only slight effects of a reduction of the solute exchange coefficients were re-
ported probably because of the already low permeable SM domain; here, for reactive5

solutes the sensitivity of exchange coefficients was low compared to sorption effects.
For conservative tracer experiment at Bokhorst field site (e.g., Köhne and Gerke,

2005), the 2D-DPERM was able to capture the basic effects of PF considering three
scales (i.e., structure, pedon, and plot). In addition to local nonequilibrium effects that
dominated in 1-D, the 2D-DPERM analyses revealed that the conditions at the soil sur-10

face, near the water table, and of the field-scale mixing were significantly influencing
the effluent concentrations (Gerke et al., 2007). The analysis of effects of the bound-
ary conditions (BC) at the soil surface on Br− leaching (Dusek et al., 2008) suggested
that the applied Br− mainly entered the SM domain before being transferred to the PF
domain for rapid downward leaching at the Bokhorst site. However, it remained unclear15

how mass transfer reductions contributed to the resulting approximation of effluent con-
centrations. While in a 1D-DPERM analysis (Gerke and Köhne, 2004), mass transfer
varies only vertically, mass transfer reductions in the 2D-DPERM model interact with
the lateral flow fields of both domains in more complex ways.

The objective of this paper is to review and analyze effects of soil structure-related20

mass transfer reductions on Br− leaching with drain effluent under 2-D flow condi-
tions. We want to improve understanding of between-domain mass transfer in a verti-
cal cross-section and how these mass transfer effects propagate to describe field-scale
drain effluent signals. This study focuses on a previously selected simulation scenario
that assumes realistic irrigation and rain intensities, Br− application in the SM domain25

and flux-type solute BC. The scenario is based on a stepwise model calibration of
(a) the hydraulic part of the model by using tile drain discharge, soil moisture, and
matric potential data and (b) the mass transfer coefficients from comparisons with Br
effluent data.
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2 Material and methods

2.1 Experimental

The data are from the experimental site “Bokhorst” located about 25 km south of the
city of Kiel in Northern Germany (Fig. 1a). At this tile-drained arable field, an area
of about 5000 m2 is drained by a system of PVC drain pipes installed at about 0.8–5

1 m below the soil surface. The drain pipes are connected to a monitoring station
equipped with a Venturi flume for the measurement of drain discharge rates and with an
automated water sampler for determining effluent concentrations. At this gently sloped
field, a spatially heterogeneous distribution of mostly finer-textured soils can be found
that developed from glacial till sediments; soil types are ranging from Stagnic Calcaric10

Regosol (Fig. 1b) to poorly drained Dystric Gleysol (FAO, 1998). The cultivated Ap
horizon (0–0.3 m soil depth) had about 20 % clay and 30 % silt. Clay contents generally
decreased with soil depth to about 10 % at the 0.7- to 1.1-m depth. Soil structures
are subangular (0–0.3 m soil depth), angular blocky (0.3–0.95 m), and coherent (below
0.95-m depth). More details can be found elsewhere (e.g., Lennartz et al., 1999; Gerke15

and Köhne, 2004). The site has been used for tracer experiments before; at that
time (Wichtmann et al., 1998), tracer application was carried out along a wide strip all
across the drained catchment perpendicular to the tile lines (Fig. 1a). This previous
experiment has led to a simplified representation of the whole drain catchment as 1-D
vertical soil column (Fig. 1c) with “effective” properties in which discharge was regarded20

as seepage at the bottom of the column where a constant water table was assumed
(Gerke and Köhne, 2004).

For the 2-D analysis here, the 1996/97 tracer experiment was selected (Köhne and
Gerke, 2005) that was carried out on a 10 m long plot between two parallel drains of
11.8 m drain spacing of the same field (Fig. 2a). The bromide (KBr) tracer was applied25

on one side of the plot area along a 10 m long and 0.3 m wide strip at 0.85–1.15 m
distance parallel to a tile line (cf., Fig. 1 in Dusek et al., 2008). Instrumentation included
a weather station (i.e., precipitation, air temperature and humidity recorded in 10-min
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intervals), piezometers, and tensiometers installed at 1, 3, and 5 m distance from the
tile line in 0.15, 0.35, 0.5, 0.6, and 0.8 m depths. Winter wheat (Triticum aestivum L.)
was growing on the field during the experiment. More details on the 1996/97 tracer
experiment can be found in Köhne and Gerke (2005) and Gerke et al. (2007).

The present analysis is focusing on data following the tracer application on5

25 March 1997 (Day 97; counted from a first bromide application on 18 Decem-
ber 1996), when 6.4 kg of KBr salt (4.3 kg Br−) was applied in solid form to the soil
surface. The plot area between two tile lines of about 120 m2 was then irrigated in 30-
min irrigation intervals alternating for the 2 half plot areas of 60 m2 assuming symmetry
in drainage towards either side as follows (Fig. 2b): Irrigation started at the plot-side10

with the Br application strip; then the opposite side was irrigated for the next 30 min,
such that the bromide-strip side was irrigated 5-times at a rate of 13.4 mm h−1 on Day
97 (33.5 mm total) and 4-times with an intensity of 12.6 mm h−1 on Day 98 (25.2 mm
total). The KBr salt had completely dissolved by the end of the first 4.5-h irrigation
period on Day 97. The time resolution of the tile outflow measurements and the water15

sampling for the period of interest (Day 97–Day 103) ranged from 2 to 6 h. Br− mass
recovery measured in the tile drain effluent was about 45 % (2.5 kg of Br−) when con-
sidering the total period of 120 days, and 6 % (0.3 kg Br−) during the 2-days irrigation
period (Köhne and Gerke, 2005).

2.2 Modeling20

For the analysis, the soil is considered as a double continuum system because an
explicit treatment of larger and more continuous pores appeared unfeasible for this
structured soil that is characterized by differently-sized fissures and biopores forming
a relatively dense and seemingly inter-connected network (e.g., Fig. 1b). Here, the
numerical 2D-DPERM water flow and solute transport model S2D is used (Vogel et al.,25

2000a). The dual-permeability approach (Gerke and van Genuchten, 1993a) assumes
that a structured soil can conceptually be separated into two mobile interacting pore
domains. The 2-D flow of water in the SM domain (subscript m) and the PF domain
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(subscript f) is described with two coupled Richards’ equations:

Cf
∂hf
∂t =∇· (Kf∇hf)+∇· (Kf∇z)− Γw

wf

Cm
∂hm
∂t =∇· (Km∇hm)+∇· (Km∇z)+ Γw

wm
+Sm

(1)

where for each pore domain, h denotes the pressure head (L), K the hydraulic con-
ductivity tensor (L T−1), and C = dθ/dh the specific soil water capacity (L−1) with θ,
the volumetric water content (L3 L−3); wf is the relative volumetric fraction of the PF5

domain, wm =1−wf, Sm is a sink term for root water uptake (T−1) from the SM domain,
z is the vertical coordinate, taken to be positive upward (L), t is time (T), and Γw is
the water transfer term describing the inter-domain water exchange (T−1). Root water
uptake from the PF domain is neglected because of its relatively small water retention.
Subscripts f and m in Eq. (1) indicate the domain-specific (local) variables and param-10

eters. The bulk soil volume-related (i.e., composite) transfer term, Γw, is assumed to
be proportional to the local pressure head difference between the PF- and the SM-pore
system (Gerke and van Genuchten, 1993b) as:

Γw =αw(hf−hm)=αwsK
r
a(hf−hm) (2)

where αw is the first-order water transfer rate coefficient (L−1 T−1) evaluated (Ray et al.,15

2004) as αw =αws K
r
a with αws, the water transfer rate coefficient at saturation (L−1 T−1)

and with K r
a, the relative hydraulic conductivity function (−) of the interface (e.g., the

aggregate surface; subscript a) between the domains; the value of K r
a is taken as the

minimum of PF domain and SM domain conductivities evaluated for upstream pres-
sure (i.e., K r

a =min
(
K r

f (hf)
)
,
(
K r

m (hf)
)

for hf ≥ hm and K r
a =min

(
K r

f (hm)
)
,
(
K r

m (hm)
)

for20

hf <hm). The coefficient αws lumps the exchange coefficients of previous formulations
(e.g., Gerke and van Genuchten, 1993b) and can account for mass transfer reductions
due to, for instance, aggregate coating effects (e.g., Gerke and Köhne, 2002). The
composite boundary flux of soil water q (L T−1) is defined as

q=nqfwf+nqmwm (3)25
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where n is the unit normal to the boundary (−) and q the vector of soil water flux (L T−1).
This flux, q, is used to calculate the drainage intensity from the simulated 2-D domain.

The 2-D transport of solutes in a dual-permeability soil involves two coupled
advection-dispersion equations (e.g., Vogel et al., 2000) as:
∂(θfcf)
∂t =∇· (θfDf∇cf)−∇· (qfcf)+

Γs
wf

∂(θmcm)
∂t =∇· (θmDm∇cm)−∇· (qmcm)+ Γs

wm

(4)5

where c is solute concentration (M L−3) and D is the dispersion coefficient tensor
(L2 T−1). Equation (4) contains no sink term because root uptake of Br− was negli-
gible in previous analysis (Gerke et al., 2007); the term Γs is the solute mass transfer
term (ML−3 T−1) evaluated as (Gerke and van Genuchten, 1996):

Γs =Γwci +αs (cf−cm) (5)10

in which ci = cf if water is transferred from the PF domain into the SM domain (i.e.,
Γw positive) and ci =cm if water transfer is in the opposite direction. This solute mass
transfer (Eq. 5) considers an “advective” component controlled by the water transfer
and a “diffusive” component controlled by the difference in local solute concentrations.
The coefficient αs represents the first-order solute mass transfer coefficient (T−1) evalu-15

ated as αs =αssθ
r
a, where αss is the lumped solute transfer rate coefficient at saturation

(T−1), and where θr
a =θa/θas is the relative effective saturation of the PF domain (Ray

et al., 2004), which is mostly more dynamic than that of the SM domain. Compos-
ite solute concentration in the soil (Eq. 6a) and mass flux of solute in the effluent, j
(M L−2 T−1), are determined from20

θc = wfθfcf+wmθmcm (6a)

j = wfcfnqf+wmcmnqm (6b)

The two sets of coupled equations (Eqs. 1 and 4) were solved numerically using fully
implicit Galerkin finite elements. The numerical discretization of the 5.9 m wide (i.e.,
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half distance between tiles) and 2 m deep cross-sectional domain was 4331 rectangular
elements; nodal distances (0.0025–0.02 m) were smaller near the soil surface and
around the tile drain (see Gerke et al., 2007 for more details). Flow and transport
equations were solved sequentially, beginning with the PF domain and then solving for
the SM domain. The transfer terms were evaluated at the previous time level.5

The soil hydraulic functions are described using the modified version of the van
Genuchten- (VG-) Mualem formulation (van Genuchten, 1980) that introduces a non-
zero air-entry pressure head value, hs (L) (Vogel and Cislerova, 1988; Vogel et al.,
2000b):

θ(h) = θr+ (θm−θr)[1+ (−αVGh)n]−m (7a)10

K (θ) = Ks

(
θ−θr

θs−θr

)1/2( 1−F (θ)

1−F (θs)

)2

(7b)

where θm = θr + (θs −θr)[1+ (−αVGhs)n]m and F (θ) = (1− ( θ−θr
θm−θr

)1/m)m; θs and θr are

saturated and residual water contents (L3 L−3), respectively; n (−) and αVG (L−1) are
empirical shape parameters with n> 1 and m= 1−1/n; Ks is the saturated hydraulic
conductivity (L T−1).15

The soil hydraulic model parameters (Table 1) for 0–30 cm (Ap horizon) and 30–
200 cm soil depth (C Sd horizon) were the same as used previously (e.g., Gerke and
Köhne, 2004). Note that these hydraulic properties were based on laboratory soil
core measurements and field infiltration data; while exchange term coefficients (see
Sect. 2.3, Table 2) were derived from calibration of an earlier tracer experiment at20

the same site (Wichtmann et al., 1998). The value of wf = 0.05 as volumetric fraction
of the PF-domain was based on observations of soil structure including the fraction
of dye stained areas. The anisotropy (horizontal x and vertical y directions) of the
hydraulic conductivity of Kxx/Kzz = 3 for the subsoil below 40 cm depth was based on
measurements of vertical and horizontal hydraulic conductivities (Köhne, 1999, p. 133).25
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The domain-specific parameters were obtained from measured data by a bimodal
curve fitting procedure (Durner, 1994) using the SHYPFIT program (Durner, 1993) with
a SHYPFIT weighing coefficient of w1 =wf = 0.05, and by subsequently predicting the
hydraulic conductivity function (Gerke and Köhne, 2004). For the experimental site,
alternative parameterizations have previously been attempted by inverse parameter5

identification using discharge and effluent as well as piezometer and tensiometer data
for 2-D single-domain and 2-D mobile-immobile simulations (Köhne and Gerke, 2005)
and by optimization of the domain-specific parameters using bulk soil hydraulic data
measured on core samples (Köhne et al., 2002b). Here, we used the parameter val-
ues as before in Gerke et al. (2007) and Dusek et al. (2008) for the 2-D analyses10

and in Gerke and Köhne (2004) for the 1-D simulation to conserve comparability of re-
sults. Soil spatial variability in hydraulic properties and parameter optimization were not
considered in this stage of the analysis in order to focus on basic two-domain model
descriptions. Although soil spatial heterogeneity can additionally affect inter-domain
mass transfer, it was beyond the scope to introduce additional complexity.15

For both layers and domains, the dispersion coefficient tensor D (L2 T−1) was evalu-
ated (Bear, 1972) as:

Di j =Doτδi j +
λTq
θ

δi j +
λL−λT

θq
qiqj (8)

where Do is the molecular diffusion coefficient (L2 T−1), λL is the longitudinal and λT

the transversal dispersivity (L), q is the magnitude of the vector of water flux (L T−1),20

δi j is the Kronecker delta function (δi j = 1 if i = j , and δi j = 0 if i 6= j ). Here, a longi-
tudinal dispersivity of λL = 20 cm, a transversal dispersivity of λT = 2 cm, a molecular
diffusion coefficient of D0 = 1.2 cm2 d−1, and a dimensionless tortuosity factor evalu-

ated as τ = θ7/3/θ2
s (Millington and Quirk, 1961) were again used for both domains

and soil horizons.25
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2.3 Mass transfer

The transfer term parameters (Table 2) were adopted from those of the 1D-DPERM
analysis (Gerke and Köhne, 2004) where values of αws = 0.006 cm−1 d−1 and αss =
0.006 d−1 for the Ap and of αws =0.004 cm−1 d−1 and αss =0.004 d−1 for the C Sd hori-
zon were used. These exchange rate coefficients are imitating a reduction of the mass5

transfer between the domains induced, for instance, by aggregate coatings. Note that
mass transfer rates, Γw and Γs, Eqs. (2) and (5) are not constant; these rates depend
on the differences in pressure heads and concentrations between the domains as well
as on the pressure-head dependent functions K r

a(h) and θr
a(h). Values of the exchange

rate coefficients have not directly been measured yet. However, for individual soil ag-10

gregates from the same site, exchange reductions of similar order of magnitude have
been observed from aggregate imbibition and diffusion experiments comparing results
for aggregates with intact and removed coatings (Gerke and Köhne, 2002; Köhne et al.,
2002a); larger values (i.e., effective transfer coefficients) were obtained by inverse es-
timation assuming a 2-D mobile-immobile model (Köhne and Gerke, 2005). Here, only15

the effects of different αss-values were tested for conditions of relatively high pore water
saturations. Sensitivity studies (not shown here) revealed stronger effects for domain-
specific differences in Br− concentrations than for differences in pressure heads. The
4-orders of magnitude differences in αss-values in the scenarios (Table 2) allow cover-
ing nearly the whole range of inter-domain exchange conditions from local equilibrium20

to non-equilibrium in concentrations. Furthermore, we notice that inter-domain water
transfer is already limited by the relatively low value of the saturated hydraulic conduc-
tivity, Ksm, of the SM-domain for this soil.

2.4 Initial and boundary conditions

The initial 2-D pressure head distribution on 24 February 1997 (Day 68) was obtained25

from simulations (Gerke et al., 2007) carried out for the preceding period beginning
on 18 December 1996 (Day 0) with a pressure head profile that was obtained from
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tensiometer measurements. As initial condition for solute transport simulations, we
used the spatially interpolated residual Br− distribution on Day 68 obtained from soil
data from a trench perpendicular to the tile line. Small Br− concentrations were still
present in the soil (mainly close to the tile line) resulting from the earlier tracer appli-
cation on Day 0. At that time, 3 l (i.e., 1 l m−2) of a solution containing 333 g l−1 Br−5

(1.5 kg KBr dissolved in 3 l of water) was sprayed on the 10 m×0.3 m strip area. This
first tracer application was hampered by extreme weather conditions that led to drain
discharge without Br− breakthrough (Köhne and Gerke, 2005).

A flux-type atmospheric BC was imposed at the soil surface to represent rainfall-
and irrigation-induced infiltration and evapotranspiration. The evapotranspiration was10

estimated as described in Köhne and Gerke (2005). Note that potential evapotranspi-
ration (ETp) was relatively small (i.e., 2.7 mm) during the period of interest between
Day 97 and 103 (i.e., 25–31 March 1997). A linear root distribution was assumed with
the maximum at the soil surface and the minimum at a depth of 1 m. Root water uptake
was described using a plant water stress function (Feddes et al., 1978) as in Gerke15

et al. (2007). Because of the negligibly small ETp, a more realistic root distribution
(e.g., adapted to the growth stage of wheat in March) was not considered.

For simulating water infiltration, the applied irrigation rates and measured rain inten-
sities were distributed between domains proportional to volume fractions wm and wf.
In case the infiltration capacity of the SM-domain was exceeded, any surplus water20

was redistributed to allow for infiltration into the PF domain (see Dusek et al., 2008).
In case irrigation rates exceeded the infiltration capacity of both pore domains at the
soil surface, surplus water was balanced and allowed to resume infiltrating into the soil
after the end of the daily irrigation periods (e.g., at Days 97.8 and 98.65 in Fig. 3a).
In this way, we tried to imitate the infiltration regime and to account for the observa-25

tion that during irrigation water started ponding in micro-topographic depressions at
the surface without creating any significant surface runoff. The simulated infiltration
rates (Fig. 3a) reveal the anticipated dynamics of domain-specific distributions of the ir-
rigation as follows: While total infiltration rates remain constant, SM-domain infiltration

5930

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/5917/2011/hessd-8-5917-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/5917/2011/hessd-8-5917-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 5917–5967, 2011

Mass transfer effects
in 2-D-DPERM

modeling

H. H. Gerke et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

rapidly decreases while infiltration into the PF domain (e.g., through worm burrows and
cracks that end at the soil surface) increases due to surface redistribution. For each fol-
lowing 30-min irrigation interval, the SM-domain infiltration rates are starting at a lower
level than before because of the increasingly faster saturation of the SM domain at the
soil surface. Later, the infiltration into the PF domain starts decreasing indicating that5

total soil’s infiltration capacity is exceeded. After the irrigation, the remaining surplus
is allowed infiltrating again proportional to the volume fractions of domains, thereby
excluding any further redirection of surplus water from the SM to the PF domain. Thus
during the “drainage” of surface storage after the irrigation, less water is directly enter-
ing the PF-domain; most surplus water is entering the SM domain. The alternative of10

letting ponded surplus water infiltrate directly after each 30-min irrigation interval was
not useful because the soil became nearly completely saturated.

For simulating solute transport, a third-type solute BC with prescribed Br− concen-
trations of the infiltrating water was imposed at the soil surface. The Br− concentration
of the application was calculated using the cumulative infiltration flux and the total ap-15

plied Br− mass (i.e., 4.3 kg per 10 m×0.3 m application strip) only for irrigations during
Day 97 according to the observation that no salt was visible on the soil surface after-
wards. As a result of previous analysis (Gerke et al., 2007), the total Br− mass was
assumed to enter the soil surface only through the SM domain on Day 97 yielding the
(30-min intermittent) temporal influx distribution (Fig. 3b) that is largely proportional to20

simulated SM-domain infiltration rates (Fig. 3a). Imposing these conditions is based on
the assumption that KBr salt, when applied to a relatively moist soil, can rapidly start
dissolving and entering the SM-domain’s surface layer as Br− solution. Furthermore,
the assumption of Br−-free infiltration into the PF-domain implies that direct PF-domain
infiltration is not in contact with applied KBr and that no mixing occurs during redistribu-25

tion of irrigation water at the soil surface. This somewhat hypothetical split in Br− influx
between the domains mainly allows for a more contrasting analysis of the effects of
mass transfer reductions on the effluent concentrations. Unfortunately, the information
about domain-specific surface BC was not available.
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At the bottom, a no-flow BC was imposed in 2 m depth to account for the negligibly
small deep percolation into the underlying relatively dense un-weathered glacial till.
At the left and right sides of the 2-D domains (Fig. 2c), a no-flow BC was imposed
assuming symmetry perpendicular to drain tiles. For the drain, a seepage face BC was
imposed across an “effective” inner tile diameter of 0.04 m; this value was based on5

number and size of the small openings in the drain tube (Köhne and Gerke, 2005),
allowing water effluent under saturated conditions only (i.e., for local pressure head
values of h≥0). For simulating Br− leaching out of the drain tile, a zero-gradient solute
BC was ascribed for both the PF and SM domains (i.e., Br− may enter the tile with the
effluent water).10

2.5 Plot versus field-scale simulations and pore domains

The numerical analysis of the experiment involves spatial scales and model domains
at four levels (see Fig. 2): (level A) the field-scale (i.e., the drained catchment) with the
measurements at the drain outlet, (level B) the plot-scale with the irrigated plot area and
the KBr application strip and with the pits where soil sampling and tensiometer monitor-15

ing was carried out, (level C) the macroscopic scale 2-D vertical cross sections for the
coupled domains representing lateral flow and transport towards the drain for irrigated
plot, and (level D) the local-scale model of the structured soil with the inter-domain
redistribution of infiltration at the soil surface and the inter-domain mass transfer pro-
cesses within the soil. Because of the complexity at the four levels, a stepwise modeling20

strategy was followed here. The effects of local-scale model parameters (level D) on
drain effluent can be physically described in 2-D simulations (level C) thereby repre-
senting various conditions for similar plots (level B) in the field. A comparison of plot
simulation results with those of the field-scale effluent data (level A) is, however, only
possible after integrating the plot-scale simulations to the field level.25

For a simplified integration, one “plot-scale” simulation scenario was carried out for
a 2-D cross-section representing the irrigated area between the two drain pipes of
about 120 m2 and a second one for the cross-sections representing the half-width area
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between drains that was affected by bromide application of about 60 m2. For consider-
ing the effects of areal rain and plot-scale irrigation on the field-scale drain discharge,
two separately simulated drainage time series’, one for irrigated (i.e., by applying rain-
fall and irrigation rates) and another for non-irrigated areas (i.e., by applying rainfall
only), were combined based on area-weighing procedures (Gerke et al., 2007). The5

procedure yields area-weighed curves of tile outflow and Br− effluent concentration that
are representative for the 5000 m2 drained field (level A, Fig. 2).

As a quantitative comparison of simulated and measured effluent data, the model
efficiency coefficient, E (“Nash criterion”), was calculated (Nash and Sutcliffe, 1970)
as:10

E =1−
∑T

t=1 (Xo−Xm)2

∑T
t=1

(
Xo−Xo

)2
(9)

where Xo is observed and Xm is simulated variable; Xo is the mean value of observed
variable.

3 Results

The results are focusing on the period 25–31 March 1997, that includes the irriga-15

tion and the following rain events (i.e., Days 97–103 after first Br application). The
specific discharge curves demonstrate the relation between the plot-scale 2D-DPERM
flow simulations and the field-scale aggregated curves that are comparable with data
measured at the drain outlet (Fig. 4). The simulated discharge is slightly above and
nearly parallel to the data. While the peaks in response to irrigation and rain are similar,20

a systematic over-prediction of discharge indicates that the catchment boundaries are
probably not completely impermeable as assumed in the simulations. The field-scale
discharge curves (Fig. 4) also reflect the different reactions on either plot-scale irriga-
tion (Days 97 and 98) or field-scale rain (Day 100). The rain produced a much stronger
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discharge signal than the local irrigation events because of the larger contribution to
the catchments water balance. In contrast, the simulated plot-scale discharge curves
(Fig. 4) reflect the effect of the irrigation procedure in more detail including peaks fol-
lowing individual 30-min irrigation intervals. The response of the specific discharge to
the second irrigation period (Day 98) is stronger than the response to the first irrigation5

and to the rain, an effect that can hardly be found for the field-scale discharge; note
that no data are available for comparisons at the plot-scale. The small mismatch in the
timing of drain discharge peaks between simulated and measured curves (Fig. 4) may
be explained by effects of field-scale heterogeneity; the data are composed of contri-
butions from various regions of the drained catchment that could have responded at10

somewhat different times and rates.
Time series’ of measured (data) and simulated (model) soil water pressure heads in

0.15 m depth and in 1 m and 3 m distance from the tile line reveal how soil hydraulic
conditions are captured in the 2D-DPERM model (Fig. 5). The simulated curves for
the SM domain represent the pore domain that is dominating water retention during15

infiltration-free periods. Note that we did not optimize the hydraulic parameters. Nev-
ertheless, simulated and measured data match with respect to timing in response to
the infiltration (Fig. 5); however, simulated curves are somewhat below the measured
ones, and pressure head values are more slowly decreasing and without daily fluctu-
ations at later times (i.e., after Day 103). The peak matching between simulated and20

measured pressure heads seems to be different for irrigation and rainfall periods. Ir-
rigation including surface redistribution of infiltrating water between domains is better
matched than infiltration during rain.

The bromide mass flux with the effluent at the drain outlet (Fig. 6a) reflects the differ-
ent preferential leaching effects in response to irrigation and rain. During the first day’s25

drain discharge peak, Br− concentrations in the effluent remain relatively small at the
plot (Fig. 6b) and also at the field-scale (Fig. 6c); the effluent Br− concentrations at the
field drain outlet peaked at the end of the second irrigation (Day 98). A smaller peak
in measured effluent Br− concentrations was observed on Day 99 (Fig. 6c) following
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a smaller rain event; afterwards Br− concentrations (data) dropped due to dilution es-
pecially after the end of rain (Day 100) by discharge from the rest of the field. The field-
scale mass flux (Fig. 6a) is first reflecting the concentration increase during the second
irrigation (Fig. 6c) and later the discharge peak (Fig. 4). The measured bromide mass
flux in the drain effluent compares best with simulated and field-scale extrapolated re-5

sults (Fig. 6a) when assuming reduced values of the mass transfer rate coefficient αss
(Table 2).

For the cumulative bromide mass leached with drain effluent (Fig. 7), the mass trans-
fer scenario “2D-DPERM low” (αss = 0.02 (topsoil) and 0.01 (subsoil)) is slightly closer
to the measured curve than the scenario “lowest” that assumes 10-times smaller trans-10

fer coefficients. The value of the Nash-Sutcliffe coefficient is highest for “2D-DPERM
low”, while the bromide mass difference between measured and simulated of −27 g is
smallest for “high” scenario (Table 3). When using larger values of the mass transfer
coefficient (i.e., 2D-DPERM “high” and “highest”), the Br− mass flux peaks are overes-
timated during first and underestimated during second irrigation and the rain (Fig. 6a).15

The Br− concentrations in the effluent (plot-scale) are increasing during the second day
of irrigation and dropping to a basis level during the rainfall event (Fig. 6b).

The 2D-DPERM simulations of the irrigated plot allow analyzing drain discharge
(Fig. 8a) and Br− effluent concentrations (Fig. 8b) separately for the PF domain and
the SM domain. The curves indicate that most of the drain discharge comes from the20

PF domain; discharge from the SM domain reacts more slowly with the peak during the
second irrigation day (Fig. 8a). Moreover, the 2D-DPERM simulations predict that the
Br− concentration in the PF domain mainly controls composite mass flux. The Br− con-
centration in the SM domain effluent is decreasing during infiltration events (Fig. 8b);
the Br− effluent concentration curves of the PF and SM domains are even oriented in25

opposite directions (as explained in Sect. 4.3).
The plot of cumulative water transfer integrated over the whole 2-D cross sections

(Fig. 9) graphically displays the averaged dynamics of water exchange between the
SM and PF domains. Positive rates or increasing cumulative values, indicating water
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transfer from the PF to the SM domain, are reflecting two situations: (i) during redis-
tribution of infiltration at the soil surface towards the PF domain and (ii) at the end of
rain water infiltration (Day 100) when transfer from the highly saturated PF domain to
the less saturated SM domain is continuing in the subsoil. For 2D-DPERM simulation
scenarios without including the irrigation events (Fig. 9), the cumulative water transfer5

is initially negative (SM→PF domain) since water is infiltrating proportionally in both
domains at the soil surface and the less permeable SM-domain (as compared to the
PF-domain) develops relatively higher water pressure heads; as for the scenario with
irrigation, the water transfer direction reverses after the end of the rain (after Day 100)
as long as the PF domain pressure head increased faster than that of the SM domain.10

During other infiltration-free periods, transfer is directed from the SM domain to the PF
domain at gradually decreasing rates (Fig. 9).

The water exchange mechanisms are further illustrated by 2-D cross-sectional pres-
sure head and transfer distributions (Fig. 10) for two contrasting situations of (i) positive
water transfer from the PF to SM domain during the first irrigation event (Day 97.73)15

and (ii) negative transfer during rain (Day 100.125); times are indicated by vertical lines
in Fig. 9. During irrigation (Fig. 10, left side), the PF domain (Fig. 10b) is almost com-
pletely saturated due to the additional domain-specific infiltration while the SM domain
(Fig. 10a) is less saturated between about 30 and 80 cm soil depth. Water transfer
rates are spatially variable within the flow domain because of the lateral flow towards20

the drain effect; the largest positive exchange rates are at the side opposite to the
drain tile where the pressure differences are greatest (Fig. 10c). In contrast, the situa-
tion during the rain (Fig. 10, right side) indicates that the SM domain (Fig. 10d) is more
rapidly wetting than the PF domain (Fig. 10e) especially near the surface. The spatial
distribution of water exchange rates in the 2-D cross-section (Fig. 10f) reveals two re-25

gions with negative values, one is in the topsoil, with a tendency towards less negative
values to the drain side, and the other region in the subsoil is following the water table
(i.e., negative transfer, SM→PF domain); this is because the SM water table is higher
than the one in the more permeable PF-domain.
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For the Br− mass transfer (Eq. 5) both “advective” (i.e., driven by water exchange,
Eq. 2) and “diffusive” components (i.e., driven by local concentration difference be-
tween domains) react differently during irrigation or rain and for “low” and “high” mass
transfer coefficients (Fig. 11). As for water (Fig. 11), positive rates indicate transfer
directed in the SM domain and negative rates a transfer to the PF domain. Since Br− is5

assumed to enter the soil only through the SM domain, the total cumulative transfer of
Br− is generally negative for both scenarios, “high” and “low” (Fig. 11). Nevertheless,
Br− transfer rate components can turn positive. For the scenario assuming “high”, dif-
fusive mass transfer becomes positive during the infiltration-free periods after irrigation
and rain events because only the “diffusive” transfer component (PF→SM domain)10

prevails. Obviously, the “advective” component, dominating during infiltration, is nega-
tive (Fig. 11); the transfer rates are larger for the rain than for the irrigation events. The
“diffusive” transfer component is negative especially for “high” scenario during irrigation
when solute-free water infiltrates into the PF domain. The “low” mass transfer scenario
predicts the largest overall Br− transfer from the SM domain to the PF domain (i.e.,15

considering the sum of both “advective” and “diffusive” components).
A fraction of 555 g of the applied bromide (4300 g) was found in the drain effluent;

the larger Br− mass is distributed as residual bromide in the soil. The 2-D spatial
distributions of residual Br− concentration in the SM domain and the PF domain and of
the solute mass transfer reveal the effect of the four mass transfer scenarios (Fig. 12).20

Mass transfer coefficients affect the spatial distribution of resident Br− concentrations in
the SM domain (Fig. 12a) and the PF domain (Fig. 12b) and of the solute mass transfer
(Fig. 12c), mainly in the subsoil below the 30-cm application strip. The plots show
the situation at the end of the rain (Day 101.125), comparable to 2-D water transfer
distribution (Fig. 10 right). Bromide concentration plumes are laterally directed towards25

the drain. The centre of mass is residing in the topsoil of the SM domain for the “lowest”
values of the exchange coefficient αss (Fig. 12a). The Br− plume is more spread out
with increasingly larger mass transfer scenarios. For the PF domain, the residual Br−

plume keeps a relatively similar shape with increasing mass transfer (Fig. 12b). For the
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“low” and “lowest” scenarios, mass transfer is only negative (i.e., SM to PF domain) and
restricted exclusively to the topsoil (Fig. 12c). Positive transfers (i.e., PF to SM domain)
are obtained for the “high” and “highest” scenarios, however, only in the subsoil (i.e.,
transfer of preferentially transported Br− to the SM domain) and in the topsoil regions
outside the 30-cm application strip (i.e., by lateral spreading).5

A comparison of the cumulative water and solute mass transfer at time 97.73 days
during irrigation shows that water transfer is positive (Fig. 9) while the cumulative Br−

transfer in the 2-D cross-section (for “high” scenario) is negative (Fig. 11), which ap-
pears to be counter intuitively. For explanation, the 2-D spatial distributions of water
and Br− transfer in the cross-section need to be considered (Fig. 10c). Most of the10

positive water transfer (i.e., PF to SM domain) is in the upper part of the subsoil (50
to 100 cm depth) during irrigation; while most of the negative Br− transfer (i.e., SM to
PF domain) is in the topsoil (Gerke et al., 2007, Fig. 6) where the water transfer is also
slightly negative (Fig. 10c). Furthermore, the positive water transfer region underneath
the Br− application strip around 100 cm horizontal distance from the drain is smaller15

than in the soil regions further apart from the drain, and hence contributes relatively
less to the cumulative mass transfer.

4 Discussion

4.1 Effect of solute transfer components on leaching and residual bromide
concentrations20

When considering “advective” and “diffusive” components of the cumulative Br− mass
transfer integrated over the whole 2-D cross sections separately (Fig. 11), it appears
that the differences in the effluent curves in comparison with data (Fig. 7) between
higher and lower transfer scenarios are attributed almost entirely to the diffusive com-
ponent. For the high transfer scenario (Fig. 11), the overall “diffusive” transfer shows25

a positive trend (i.e. PF to SM domain). However, also the “advective” component is
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affected when changing the value of the “diffusive” transfer coefficient. In case of local
non-equilibrium, any deviation in the spatial distribution of residual Br− in one domain
modifies the “advective” transfer component in all consecutive steps. For the “diffusive”
component, the explanation is different: The “higher” transfer scenarios allow more Br−

to be transferred to the PF domain according to the concentration differences during5

the preferential flow events (i.e., water infiltrating in the PF domain is assumed here
free of bromide at the surface). The direction of mass transfer immediately reverses
after the infiltration because the transfer in the topsoil ceases while mass transfer (i.e.,
PF to SM domain) in other parts of the soil may continue. Since the drained volume
of the PF domain under unsaturated conditions is small as compared to that of the SM10

domain, the solute mass remaining in PF domain is small such that the initial negative
transfer is nearly balanced by positive transfer during infiltration free periods. During
infiltration-free periods, the SM domain receives solutes from the PF domain all along
the preferential transport plume.

For the “lower” transfer coefficients, effects are much smaller as described above for15

the “higher” scenarios. The relatively small “diffusive” transfer component limits first the
transfer from the SM to PF domain in the topsoil and later the rate of “diffusive” back-
transfer in the subsoil (i.e. PF to SM domain). For the PF domain (Fig. 12b), plumes
that are generated entirely by mass transfer from the SM domain, are relatively similar
because this transfer is mostly “advective” and less affected by values of αss, except20

that the highest exchange coefficient scenario with the largest concentrations in the
topsoil is reflecting a stronger tendency of local equilibration. In contrast, the differing
2-D spatial distribution of the Br− concentration plumes in the SM and PF domains for
the scenario with the lowest exchange coefficient αss (Fig. 12a, b), are reflecting the
effect of local non-equilibrium in Br− concentrations between domains. Nevertheless,25

the Br− exchange (Fig. 12c) is qualitatively similar for all scenarios indicating a negative
transfer in the topsoil (i.e., SM→PF domain) and a positive transfer in the subsoil (i.e.,
PF→SM domain). The larger transfer of Br− from the PF to the SM domain in the
subsoil is the main reason why the peaks of the Br− effluent concentrations at later
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times (after Day 100) are smaller for higher values of the exchange coefficient αss
(Fig. 6b). The Br− effluent concentration will, of course, gradually decrease for the
“low” transfer scenario as well; however, much later as compared to “high” transfer
scenarios. Note that the “highest” scenario, showed Br leached mass close to results
obtained with 2-D single domain simulations of this experiment (Gerke et al., 2007).5

The conceptual framework of field-scale integrating local- and plot-scale flow and
transport processes in the 2D-DPERM simulations across the whole subsurface-
drained catchment (Fig. 2) provides a quantitative comparison with experimental data
of distributed Br− concentrations (cf., Gerke et al., 2007, Fig. 9) or pressure heads
(e.g., Fig. 5) obtained at the appropriate spatial scale. The 2D-DPERM simulations of10

residual Br− concentrations in the soil perpendicular to the tile line (Fig. 12) can directly
be compared with soil trench data at the plot-scale thereby eliminating possible uncer-
tainties (e.g., Jacobsen and Kjaer, 2007) between the averaged solute concentration
measured in the drain effluent and the representative Br− concentrations in the soil
solution distributed between the drains.15

4.2 Mass transfer and small-scale soil structure properties

The 2D-DPERM model analyzes effects of local-scale soil structure properties on Br−

leaching at field-scale. The model allows for surface redistribution and subsurface local
nonequilibrium in both pressure head and solute concentration between the two con-
ceptual pore domains (Fig. 2d). The soil structural properties are represented in form of20

effective transfer term parameters. Water transfer effects, analyzed extensively before
in 1-D and 2-D (e.g., Gerke and Köhne, 2004; Dusek et al., 2008), are complemented
here in the variations of the solute mass transfer coefficient αss. Conceptually, this pa-
rameter can represent soil structural properties along preferential flow paths such as
clay coating with a very fine porosity that limits the movement of water and the diffusion25

of solutes across that local interface.
The exchange coefficients are characterizing the properties at the interface between

the PF and SM domains such as density, pore size distribution, clay and organic matter
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content and composition, and wettability among other properties which are lumped to-
gether with shape and form effects of the interface. Measurement of mass exchange
between macropores and SM remains a challenge for preferential flow research (Al-
laire et al., 2009). The soil structure is changing with depth in many soils, for instance,
by vertically decreasing macropore fractions (e.g., Haws and Rao, 2004). The same5

authors assume αd values for “diffusive” mass transfer of 0.02 h−1 and 0.015 h−1 with
θf = 0.1 and 0.043; the value corresponds to our αss at saturation of 0.48 d−1 und
0.36 d−1. Ritter et al. (2005) fitted similar values for mobile-immobile transport mod-
eling of soil columns. Köhne et al. (2002a) determined a diffusive reduction by ag-
gregate coating of 30-times for Br− at saturation. Most useful macropore parameters10

for predicting flow and transport under saturated condition in structured soils included
macroporosity, path number, hydraulic radius, and macropore angle (Luo et al., 2010)
for the soil column experiments. We neglect here that the density of the fissure net-
work is decreasing with depth; this effect can be considered by changing the volumetric
weighing coefficient wf. At the Bokhorst site, the soil in the upper 1 m depth is not much15

different with respect to macroscopically visible structure while other properties remain
unknown.

Matching physical parameters with the structural development of soils to predict the
likelihood of preferential flow for soil horizons or pedons could be included in the mod-
eling. Soil structural features include aggregate or biopore geometry, hydraulic and20

transport properties of aggregates and biopores, or properties of burrow walls or clay-
organic coatings (Jarvis, 2007). Suggestions for quantification of the relation between
soil structural development and preferential flow (e.g., Vervoort et al., 1999) relate soil
structural information and dye staining patterns with parameters such as dispersivity,
hydraulic conductivity, mobile water contents, and exchange coefficients (e.g., Haws25

and Rao, 2004; Merdun and Quisenberry, 2004). The solute mass transfer rate co-
efficients obtained from fitting breakthrough curves were found to differ significantly
between pedons and were reduced in the Bt horizon (Shaw et al., 2000); compared
with the “diffuse” component, these values were in the range of the “low” and lowest’
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scenarios of this study. Low values of the mass transfer coefficients, equivalent to
αss, at saturation of about 1.6 d−1 and 0.6 d−1 for subsoil horizons were reported (e.g.,
Ersahin et al., 2002) but reductions can also occur in the topsoil; for instance, when
compacted clods are left by tillage operations (Coquet et al., 2005) or the compacted
zones divert water and solute movement around them. A conceptual classifies soil5

horizons into soil susceptibility classes for macropore flow on the basis of available site
and soil factors (Jarvis et al., 2009).

4.3 Domain-specific discharge and effluent concentrations

While the increase in effluent concentrations for the PF domain (Fig. 8b) reflects pref-
erential Br− transport in the soil underneath the 0.3 m wide application strip, the de-10

crease for the SM domain concentrations can be explained by the effects of the water
movement in the whole 2-D vertical cross-section. Here, water table increase during
irrigation and rain stimulates lateral movement of solute-free water towards the drain
tile where it dilutes the Br− plume. Afterwards, during declining water table, the ver-
tical transport component and increasing mass transfer allow the SM domain effluent15

concentrations to rise again. A water table increase is particularly leading to larger
non-equilibrium conditions in Br− effluent concentrations between SM and PF domain
because mass transfer is limited in case of saturation to the “diffusive” component
(Eq. 5). Furthermore, the lateral groundwater movement is initially pushing the bro-
mide plume aside.20

4.4 Drain discharge patterns

The drain effluent triggered by PF is typically characterized by relatively large but short-
lived solute concentration peaks and a reversed peak dynamic with largest concentra-
tions during first drainage event after application (Kladivko et al., 2001). Such pat-
terns have been observed for tile-drained experimental sites where soils developed25

from glacial till sediments (Wichtmann et al., 1998; Villholth et al., 1998; Jaynes et al.,
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2001). For the field-scale bromide mass flux in the drain effluent (Fig. 6); however,
the bromide peak in response to the second irrigation is higher than the response to
the first irrigation. The uncommon PF patterns of Br− concentration in tile effluent can
be described with a combination of two local-scale effects (cf., Gerke et al., 2007):
the SM domain infiltration and a reduced solute mass transfer. The relevance of the5

first local effect, the redistribution of infiltrating water at the soil surface has previously
been derived from observations of the distribution of infiltrating water in small-scale dye
experiments. For instance, Neurath et al. (2005) found that PF flow paths established
already in the upper 3 cm soil. The second local effect is controlled mainly by “diffusive”
component of the solute transfer in highly water-saturated subsoil.10

The simulated peak in response to the rain (Day 100) comes a bit too late while the
peaks in response to the irrigation events are fully matching (Fig. 6). Since bromide
effluent can only come from the irrigated plot, the timing difference during rain must
be related to heterogeneity in drain discharge contributions from various parts of the
entire catchment. A faster ponding at the surface of the SM domain and an earlier15

surface water redistribution into the PF domain would increase the response time for
Br− leaching to rain in a similar way as for the irrigation. The mismatch in the response
to the smaller rainfall event on Day 99 (Fig. 6) may similarly be explained by the lack of
surface redistribution between domains in the simulations. Overall, the stronger mass
transfer reductions (e.g., 2D-DPERM low, Fig. 6) match the data most closely. The20

overestimated bromide fluxes during the declining branches of the curves (Fig. 6) indi-
cate that solute mass transfer is probably more complex or more dynamic as assumed
here. Transfer may be larger after cessation of infiltration such that more Br− is trans-
ferred to the PF domain; alternatively, transfer in the subsoil may be reduced such that
more Br− remains in the PF domain. Nevertheless, both the surface boundary influx25

conditions and the mass transfer reductions as shown here, can affect Br− leaching at
the field-scale.

Vervoort et al. (1999) postulated that local-scale PF processes highly influence
field-scale solute transport; hence local effects are not dampened at the field-scale.

5943

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/5917/2011/hessd-8-5917-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/5917/2011/hessd-8-5917-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 5917–5967, 2011

Mass transfer effects
in 2-D-DPERM

modeling

H. H. Gerke et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Reasons for small-scale variations of soil structural properties are manifold (e.g.,
shrinkage, biological activity, movement of colloids, root exudates). All these can be
affected by land use and soil management practices such as crop rotations and field
water management (e.g., drainage or irrigation). Thus, in particular for those arable
field sites and catchment locations where non-equilibrium type of preferential flow and5

transport processes occur, there is a link between soil management affecting small-
scale soil structure properties and the hydrology. As a consequence, analyses and
descriptions of field-scale hydrological behavior require appropriate considerations of
smaller-scale effects of soil structure leading to preferential flow.

5 Conclusions10

This study analyzes and reviews small-scale soil structure effects as reflected in the
mass transfer terms of the 2-D dual-permeability model (DPERM) on water and Br−

movement towards subsurface drains at field-scale. For a previously evaluated sce-
nario (i.e., realistic irrigation rates, flux solute BC, and SM domain of solute application)
that best approximated a Br− field tracer irrigation experiment, the sensitivity analysis15

has been complemented with respect to the coefficient αss, of solute mass transfer
term parameter. The 2D-DPERM modeling of flow and transport in 5.9 m×2.0 m ver-
tical cross sections and a plot- and field-scale weighing procedure (i.e., 60 m2 plot vs.
5000 m2 field) describes the interplay between two local effects, (i) the redistribution at
the soil surface when the SM domain starts ponding, and (ii) the inter-domain mass20

transfer in a structured soil where exchange is reduced due to coating effects.
The simulations reveal that a reduced “diffusive” component in the transfer term can

be a dominant factor for controlling preferential solute leaching and nonequilibrium in
solute concentration between domains. The scenario based on the lower values of
the rate coefficients allowed a better match of the bromide mass flow observed in25

the tile drain discharge. The results give evidence that small-scale structural effects of
macropore coatings – conceptualized as changes in rate coefficients – can have a clear
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effect and are needed for understanding preferential flow and transport in arable fields
with subsurface drains. Since soil structure-related local properties are depending also
on soil and crop management, the susceptibility of a soil to PF can be influenced as
well.

With this analysis we cross several spatial scales in order to analyze how local mass5

transfer (i.e., representing soil structure effects or properties that exist at the mm-scale)
can possibly affect the drain discharge and effluent concentrations (i.e., representing
an integrated signal at the field-scale). The comparisons between macroscopic scale
DPERM simulations of flow and transport in a 2-D vertical cross-section and the ten-
siometer data and residual Br concentrations indicate that simulations include real-10

istically most relevant processes at an intermediate plot-scale; the match of drain dis-
charge and effluent concentrations indicate valid assumptions at the drained catchment
scale. The simulation results suggest that local soil structure-related mass transfer pa-
rameters are sensitive as in the 1-D model but more complex for the plot-scale and
still significant at the field-scale. For the conditions of nonequilibrium-type of PF of this15

experiment, structural effects at the soil surface (i.e., domain-redistribution of infiltrating
water) and in the soil profile (i.e., reductions of mass transfer between pore domains)
will not eventually average out when increasing scales or by water table fluctuations.
The study may provide deeper understanding that may lead to adapted parameter es-
timation schemes and novel experiments for parameter determination. Where water20

and solutes enter the soil and exchange has not sufficiently been observed in field
experiments and poses a yet largely open problem.
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Table 1. Hydraulic parameters used for soil matrix (SM-) and preferential flow (PF-) domains
assuming wf = 0.05 for both layers (i.e., θs is saturated and θr residual water content (L3 L−3),
respectively; hs is air-entry value (L); n (−) and αVG (L−1) are empirical shape parameters and
Ks is saturated hydraulic conductivity (LT−1). Anisotropy of hydraulic conductivity (Kxx/Kzz = 3)
was assumed in 40–200 cm depth.

Layer Depth θr θs hs αVG n Ks

(cm) (cm3 cm−3) (cm3 cm−3) (cm) (cm−1) (−) (cm d−1)

SM-domain 0–30 0.001 0.333 −37.4 0.001 1.362 3
30–200 0.001 0.332 −0.84 0.044 1.169 5

PF-domain 0–30 0.001 0.6 0 0.046 4.141 300
30–200 0.001 0.6 0 0.05 2.0 500
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Table 2. Dual-permeability (DPERM) mass transfer rate coefficients (relative) for water, αws,
and solute exchange, αss, used in the simulation scenarios.

Mass transfer rate coefficients

αws αss

Layer Depth “Highest” “High” “Low” “Lowest”
(cm) (cm−1 d−1) (d−1)

Ap 0–30 0.01 2 0.2 0.02 0.002
Subsoil 30–200 0.005 1 0.1 0.01 0.001
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Table 3. Summary of the solute balances for the period 97–103 days: Total cumulative bromide
mass leached with drain effluent (Leached Br), simulated minus measured values (Diff Br), and
Nash-Sutcliffe (N-S) criterion for each scenario; 555 g leached bromide was measured and
4300 g applied.

Simulation Leached Diff Br N-S criterion
scenario Br (g) (g) for Br (−)

Lowest 648 93 0.646
Low 632 77 0.659
High 528 −27 0.530
Highest 402 −153 0.181

5955

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/5917/2011/hessd-8-5917-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/5917/2011/hessd-8-5917-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 5917–5967, 2011

Mass transfer effects
in 2-D-DPERM

modeling

H. H. Gerke et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1D vertical soil profile

Tracer application

Drain pipes

Catchment
boundary

1D DPERM model

Stained flow paths

Experimental site

Ap

CS
o

il 
d

ep
th

, c
m

0

30

80

A) B) C)1D vertical soil profile

Tracer application

Drain pipes

Catchment
boundary

1D DPERM model

Stained flow paths

Experimental site

Ap

CS
o

il 
d

ep
th

, c
m

0

30

80

1D vertical soil profile

Tracer application

Drain pipes

Catchment
boundary

Tracer applicationTracer application

Drain pipes

Catchment
boundary

1D DPERM model

Stained flow pathsStained flow paths

Experimental site

Ap

CS
o

il 
d

ep
th

, c
m

0

30

80

A) B) C)

 

Fig. 1. Abstraction of the subsurface-drained catchment “Bokhorst” as 1-D vertical dual-
permeability model (1D DPERM) representation for (A) location and conditions of the experi-
mental site, (B) photo of the upper 1 m soil depth, and (C) two layer model with “effective” soil
properties and structural differences between the top- and the subsoil; a water table and the
location of the drain in 0.8 m depth are indicated.
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Fig. 2. Schematic spatial configurations and scale relations of the subsurface-drained catch-
ment for the 2-D dual-permeability model (2D-DPERM) representation for (A) field-scale with
the irrigation experimental plot and the drain discharge monitoring station, (B) plot-scale with
tracer application, irrigation and 2-D model domains (c.f., Dusek et al., 2008), (C) the 2-D dual-
permeability model domain scale with two 2-D domains and exchange and location of the drain,
and (D) the local model scale indicating domain-specific infiltration, surface redistribution and
subsurface mass transfer between the PF and SM domains.
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Fig. 3. Upper boundary conditions used in the 2D-DPERM model during the two days of
irrigation for (A) infiltration in the SM and PF domains and (B) the assumed Br influx in the SM
domain.
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Fig. 4. Drain water discharge and infiltration rates during the analyzed period (Days 97–103)
comparing (i) data with simulation results for the whole subsurface-drained field including the
plot with the irrigation (Days 97 and 98) and the rain events (Days 98.7 and 100) and comparing
(ii) results of plot-scale simulations for scenarios that consider both irrigation and rain with those
without that consider only rain without irrigation.
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Fig. 5. Comparison of measured and two-domain simulated soil water pressure head curves
in 15 cm soil depth at two locations in 1 m and 3 m from the tile line during the irrigation period,
the rain, and a following infiltration-free period (Days 97–110).
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Fig. 6. Effect of the solute mass transfer rate coefficient, αss, (i.e., 2D-DPERM highest, high,
low, lowest, Table 2) on Br− leaching during the period (Days 97–103) for (A) Br mass flux
comparing field-scale simulations with data, (B) plot-scale simulated Br− effluent concentra-
tions, and (C) field-scale simulated Br− effluent concentrations compared with measured Br−

concentrations for all four mass transfer scenarios.
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Fig. 7. Effect of mass transfer reductions on cumulative Br mass leaching with drain effluent
during the period (Days 97–103) comparing data with four (2D-DPERM lowest, low, high, and
highest) solute mass transfer rate coefficient, αss, (Table 2) and assuming Br application in the
SM domains.
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Fig. 8. Plot-scale simulated composite (whole soil pore volume) and contributions of specific
contributions of the soil matrix (SM) and the preferential flow (PF) domains to (A) specific drain
discharge and (B) Br− concentration in drain effluent for the scenario with the low αss value
(Table 2) during the period Days 97–103.
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Fig. 9. Cumulative inter-domain water mass transfer simulated for the period Days 97–103 for
a scenario that assumes infiltration of rainfall and irrigation as compared to a scenario of rainfall
only (without irrigation); vertical lines indicate times during irrigation (Day 97.73) and rain (Day
100.125).
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Fig. 10. Simulated 2-D spatial distributions of soil water pressure heads in (A) the soil matrix
(SM) domain and (B) the preferential flow (PF) domain, and (C) 2-D distributions of water ex-
change between the two domains as obtained with the 2D-DPERM flow model during irrigation
(Day 97.73, left panels) and during rain (Day 100.125, right panels).
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Fig. 11. Cumulative inter-domain Br mass transfer components simulated for the period Day
97–103 for scenarios that assume relatively “low” and “high” values of the mass transfer coef-
ficient, αss, and plotted separately for “advective” Br− transfer (i.e., due to exchange of water)
and “diffusive” Br− transfer (i.e., due to concentration differences between domains); vertical
lines indicate times during irrigation (Day 97.73) and rain (Day 100.125).
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Fig. 12. Simulated 2-D spatial distributions of residual Br− concentrations in the soil for the
scenarios “lowest”, “low”, “high”, and “highest” values (i.e., vertical panels) of the mass transfer
coefficient, αss, and at Day 101.125 for (A) the soil matrix (SM) domain and (B) the preferential
flow (PF) domain; in (C) the distributions of the solute mass transfer is given; only the region
between 0 and 200 cm horizontal distance from the drain underneath the 30 cm Br application
strip, indicated by vertical lines, is presented.
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