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Abstract The presence of unsaturated zones at the river-aquifer interface has large implications on
numerous hydraulic and chemical processes. However, the hydrological and geological controls that influ-
ence the development of unsaturated zones have so far only been analyzed with simplified conceptualiza-
tions of flow processes, or homogeneous conceptualizations of the hydraulic conductivity in either the
aquifer or the riverbed. We systematically investigated the influence of heterogeneous structures in both
the riverbed and the aquifer on the development of unsaturated zones. A stochastic 1-D criterion that takes
both riverbed and aquifer heterogeneity into account was developed using a Monte Carlo sampling tech-
nique. The approach allows the reliable estimation of the upper bound of the spatial extent of unsaturated
areas underneath a riverbed. Through systematic numerical modeling experiments, we furthermore show
that horizontal capillary forces can reduce the spatial extent of unsaturated zones under clogged areas. This
analysis shows how the spatial structure of clogging layers and aquifers influence the propensity for unsatu-
rated zones to develop: In riverbeds where clogged areas are made up of many small, spatially discon-
nected patches with a diameter in the order of 1 m, unsaturated areas are less likely to develop compared
to riverbeds where large clogged areas exist adjacent to unclogged areas. A combination of the stochastic
1-D criterion with an analysis of the spatial structure of the clogging layers and the potential for resaturation
can help develop an appropriate conceptual model and inform the choice of a suitable numerical simulator
for river-aquifer systems.

1. Introduction

Riverbeds are hotspots of chemical and biological processes, and control the exchange of water and solutes
between the river and the aquifer (e.g., Boano et al., 2014). The hydraulic conductivity of the riverbed is the
primary control for exchange fluxes between the surface and the subsurface. Modeling and field studies
have shown that unsaturated zones can develop under riverbeds if part of, or the entire riverbed, is clogged
by fine sediments or biofilms (e.g., Brunner et al., 2009a, 2009b; Fleckenstein et al., 2006; Frei et al., 2009;
Irvine et al., 2012; Kalbus et al., 2006; Lamontagne et al., 2014; Newcomer et al., 2016; Treese et al., 2009;
Wang et al., 2016). Three significantly different states of surface water-groundwater (SW-GW) interactions
exist for systems which can disconnect (Brunner et al., 2011). These three conditions are: fully saturated con-
ditions (i.e., fully connected, Figure 1a), fully unsaturated conditions (i.e., fully disconnected, Figure 1b), and
partially saturated-partially unsaturated conditions (i.e., transitional, Figure 1c).

The presence of an unsaturated zone underneath a riverbed has profound implications on the interactions
between surface water (SW) and groundwater (GW): While the flow direction in the unsaturated zone is pre-
dominantly vertical and the hydraulic conductivity a function of the water content, the physical properties
of the saturated zone remain constant and the direction of flow is not predominately vertical. Numerous
field and modeling studies (e.g., Brunner et al. 2009a, 2009b; Irvine et al., 2012; Newcomer et al., 2016;
Osman & Bruen, 2002; Rivière et al., 2014; Wang et al., 2011, 2016; Xie et al., 2014) have shown that the pres-
ence of an unsaturated zone results in infiltration rates that are independent of the large-scale hydraulic
gradient between SW and the underlying aquifer. Shanafield et al. (2012) explained an unexpected and sig-
nificant rise of the water table close to an ephemeral river through the presence of an unsaturated zone: In
their case study of the Lachlan River in Australia, multiple pressure probes were installed in the river as well
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as in piezometers located on the river banks. Due to the difficulty of extracting riverbed sediment samples
without perturbing them, the clogging layer could not directly be observed from the extracted sediments
(see Lamontagne et al., 2010). However, the observed pressure signals clearly showed a clogging riverbed
overlying a more permeable aquifer. Fox and Durnford (2003) demonstrated how the clogging of a river-
bed and the subsequent development of an unsaturated zone increased the catchment area of a well
close to a river. Based on the study of the disconnection phenomenon as described in the articles above,
Gianni et al. (2016) developed a method to infer transience of riverbed hydraulic conductivities from com-
bined observations of river stage and riverbank hydraulic head. The hydraulic behavior associated with
the presence of an unsaturated zone not only has implications for hyporheic exchange fluxes, but also for
other processes such as the transport of heat, solutes or dissolved gases, or the filtration efficiency of bac-
teria and viruses in the riverbed (e.g., Boano et al., 2014; Brunner et al., 2017; Harvey & Gooseff, 2015).
Moreover, the degree of saturation at the river-aquifer interface controls flow velocities and residence
times in the riverbed. Understanding the propensity for the development of unsaturated zones in a river-
aquifer system is therefore of crucial importance for an adequate conceptualization of the relevant pro-
cesses in a SW-GW system.

Only relatively few studies focused on the geological and hydrological controls of the development of
unsaturated zones beneath streams and rivers. Brunner et al. (2009a) demonstrated that the development
of an unsaturated zone is dependent on riverbed and aquifer properties, as well as the hydraulic heads in
the river and the underlying aquifer. Brunner et al. (2009a) derived a simple 1-D criterion that can be used
to determine whether an unsaturated zone can develop underneath a riverbed. The criterion is a function
of the hydraulic conductivities of both the riverbed (Krb [L/T]) and the aquifer (Kaq [L/T]) in the vertical direc-
tion, as well as the vertical riverbed extent hrb [L] and the ponded water depth d [L]:

Krb=Kaq � hrb=ðd1hrbÞ (1)

Equation (1) shows that an unsaturated zone is more likely to develop beneath a riverbed if Kaq increases in
comparison to Krb, that is, if Krb acts as a clogging layer. Solving for Kaq leads to the critical hydraulic con-
ductivity of the aquifer, Kaq,critical [L/T], which acts as a threshold value for the development of unsaturated
zones beneath the riverbed:

Figure 1. States of connection. (top row) The three different riverbed-aquifer scenarios after Irvine et al. (2012) that cause the three different states of saturation
(a) fully saturated, (b) fully unsaturated, and (c) partially saturated-partially unsaturated. The fully saturated parts of the aquifer are shown in blue. The rectangular,
heterogeneous riverbed is centered above a homogeneous aquifer, and colored as a function of the magnitude of Krb. (bottom row) Schematic illustrations of the
hypothetical log-normal pdfs of Krb and Kaq that could generate the respective states of saturation, according to Brunner et al. (2009a). Note that Irvine et al.
(2012) based their analysis on a homogeneous values (i.e., the mean of log10(Kaq) (llogKaq) and log10(Krb) (llogKrb)).

Water Resources Research 10.1002/2017WR020409

SCHILLING ET AL. ESTIMATING UNSATURATED ZONES 10,584



Kaq;critical5Krb � ðd1hrbÞ=hrb (2)

An unsaturated state can thus occur if

Kaq � Kaq;critical (3)

The criterion of Brunner et al. (2009a) has two main limitations: (i) equation (1) is only 1-D and can thus not
take into account horizontal fluxes. Xie et al. (2014) showed that horizontal fluxes driven by capillary forces
can cause an unsaturated zone under a river, even if no clogging layer is present. It is currently unclear how
important such horizontal fluxes are, and how they relate to the spatial structure of clogged and unclogged
areas. (ii) A direct application of equation (1) is limited to homogeneous riverbeds and homogeneous
underlying aquifers, which makes it difficult to use for natural systems, as both riverbeds and aquifers are
typically highly heterogeneous (Calver, 2001). In the second row of Figure 1, hypothetical probability den-
sity functions (pdf) of Krb and Kaq that result in three different states of connection (illustrated in the first
row) are shown. While some studies have considered heterogeneity of the riverbed in the context of
hydraulic disconnection between the surface and the subsurface (e.g., Irvine et al., 2012; Kurtz et al., 2013;
Pryshlak et al., 2015; Tang et al., 2015), none of these studies systematically analyzed how the heterogeneity
of riverbeds and aquifers jointly influence the distribution and extent of unsaturated zones at the river-
aquifer interface.

Given the significance of the degree of saturation at the river-aquifer interface, an appropriate conceptu-
alization of this aspect of SW-GW interactions is essential in many regards. For example, knowing the
potential of the development of unsaturated zones is a precondition for choosing an appropriate flow
simulator: If in a given river-aquifer system the development of extensive unsaturated zones is expected,
a simulator capable of considering unsaturated flow is essential for the simulation of transitional states of
connection (Brunner et al., 2010). Knowing the potential of the development of unsaturated zones is also
important for the conceptualization of heterogeneity in modeling efforts, as extensively discussed by
Irvine et al. (2012).

However, a tool for a rapid estimation of the spatial extent of unsaturated zones under current and future
hydraulic conditions is missing, thus causing severe uncertainties for essentially all conceptualizations of
SW-GW systems. Moreover, the preceding literature review identified knowledge gaps concerning the com-
bined effect of the role of heterogeneity in both the riverbed and the underlying aquifer. Likewise, the influ-
ence of horizontal flow driven by capillary forces on the development of unsaturated zones across the river-
aquifer interface has not been analyzed in the case of heterogeneous riverbeds and aquifers. The aim of
this paper is to provide the theoretical basis and the implementation of methods that allow the estimation
of the degree to which unsaturated zones can develop at the river-aquifer interface. In this endeavor, we
specifically address the following key questions:

1. How can prior knowledge of the hydraulic properties of riverbeds and aquifers allow the prediction of
the development of unsaturated zones in heterogeneous SW-GW systems?

2. What is the role and importance of horizontal fluxes driven by capillary forces at the interface of satu-
rated and unsaturated areas in heterogeneous systems?

3. How does spatial heterogeneity of the riverbed and the underlying aquifer in combination with horizon-
tal fluxes control the development of unsaturated zones?

To answer these three key questions, the following analyses were carried out: (1) the 1-D criterion of Brun-
ner et al. (2009a) was stochastically extended to incorporate spatial heterogeneity of both the riverbed and
the aquifer. (2) The extent of unsaturated zones estimated with the 1-D criterion was compared to stochas-
tic realizations of complex 3-D numerical reference models. (3) The role of horizontal fluxes in the subsur-
face driven by capillary forces in the development of unsaturated zones was analyzed in a systematic way
using a series of numerical experiments, and (4) the influence of spatial heterogeneity on horizontal fluxes
and thus on the development of unsaturated zones was assessed with a series of additional numerical
experiments. Based on these analyses, we ultimately present a method that allows the rapid estimation of
the upper bounds of the spatial extent of unsaturated zones between a heterogeneous riverbed overlying a
heterogeneous aquifer. In addition, key spatial controls that may reduce the extent of the unsaturated area
below the upper bound are identified, and an analysis to quantify the importance horizontal fluxes by con-
sidering the spatial configuration and extent of clogged and unclogged areas is proposed.
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2. Materials and Methods

2.1. Overview and General Considerations
A number of different experiments were carried out in this study in order to answer the three principal
questions raised in the introduction. A spatial extension to the previously discussed 1-D criterion of Brunner
et al. (2009a) is proposed and multiple synthetic modeling experiments are performed. An overview of the
different modeling experiments is provided in Table 1.

In the conceptual SW-GW system employed (illustrated in Figure 2), a river is located on top of an aquifer,
and the two compartments are separated by a riverbed. The river itself is conceptualized as a ponded water
depth d. The riverbed is characterized by its vertical extent or height hrb, by its hydraulic conductivity Krb,
and by its soil water retention characteristics. Important properties of the aquifer are the hydraulic conduc-
tivity Kaq, the soil water retention characteristics, and the depth to the regional water table (DTW [L]) As a
prerequisite for unsaturated zones to occur underneath a riverbed, losing conditions are necessary. For los-
ing conditions to occur, the DTW at a defined distance to the river needs to be sufficiently large. Under los-
ing conditions, river water can infiltrate with a vertical infiltration flux qin [L/T]. This conceptual river-aquifer
model is based on the conceptual models used by Brunner et al. (2009a) and Irvine et al. (2012), among
others.

Experiments with a complex spatial heterogeneity of K were carried out (see Figure 3a). For these struc-
tures, log10(Krb) and log10(Kaq) were approximated by Multi-Gaussian probability density functions (con-
ceptually illustrated in Figure 1). The suitability of this approach for the purpose of this study was
described in detail by Koltermann and Gorelick (1996) and de Marsily et al. (1998), and specific implica-
tions for this study are discussed in section 4. Under a log-normal distribution, the three parameters that
control the heterogeneity of K in a riverbed or aquifer domain are: the arithmetic mean of log10K (llogK

[L/T]), the variance of log10K (r2
logK [L2/T2]), and the spatial correlation length of K (sK [L]). If sK in the hori-

zontal direction (sK,h) approaches either 0 or the horizontal domain scale, the medium becomes effec-
tively homogeneous.

Apart from river-scale simulations with complex heterogeneity, a range of column experiments consisting
of a riverbed and an underlying aquifer were set up to systematically explore the influence of horizontal
fluxes in the development of unsaturated zones. The conceptual reduction in complexity which was
employed in setting up the different experiments is schematically illustrated in Figure 3, and the different
experiments are described in detail in section 2.3.

Table 1
Overview of Goals and Approaches of the Different Experiments Carried Out in This Study

Experiment Purpose Modeling approach
Varied

parameters
Conceptual

model

Exp. 1 Comparison of the estimated unsaturated area using the
stochastic 1-D criterion to 3-D reference simulations

Fully heterogeneous cross-sectional
river-section in 3-D with
random Krb- and Kaq-fields

llogKrb & llogKaq

r2
logKrb & r2

logKaq

sKrb,h & sKaq,h

Figure 3a

Exp. 2a Role and importance of horizontal redistribution at the
interface of saturated and unsaturated areas

1-column and 2-column models ‘‘River-River’’
versus ‘‘River-Bank’’

Figures 3d
and 3e

Exp. 2b Influence of the soil type on horizontal redistribution ‘‘River-Bank’’ 2-column models Soil types
Kaq of the unsaturated
column

Figure 3d

Exp. 3a Influence of variance and correlation length of K on
the development of unsaturated zones

Checkerboard-style arrangement
of squares of different Krb,
homogeneous Kaq

r2
logKrb &

sKrb,h

Figure 3c

Exp. 3b Influence of elongated structures and the horizontal domain
size on the development of unsaturated zones

Checkerboard-style arrangement of
elongated rectangles of Krb,
homogeneous Kaq

sKrb,h in one direction Figure 3b

Note. llogKrb [L/T] and llogKaq [L/T] represent the mean, r2
logKrb [L2/T2] and r2

logKaq [L2/T2] the variance, and sKrb,h [L] and sKrb,h [L] the horizontal correlation
length of log10(Krb) and log10(Kaq), respectively. The parameters and terminology used to describe the modeling approach are explained in detail in sections
2.1–2.3.
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2.2. Numerical Simulator
All numerical simulations in this study were carried out in steady state using the numerical simulator Hydro-
GeoSphere (HGS) (Brunner & Simmons, 2012; Therrien et al., 2010). HGS was chosen due to its ability to sim-
ulate all of the relevant processes of SW-GW flow systems in a fully integrated, physically based way. The

Aquifer

River bed
River

“River-River” scenario

Kaq,critical

≥
Kaq

“River-Bank” scenario

Kaq,critical

<
Kaq

Kaq,critical

≥
Kaq

qin = 0

Figure 2. (left) In the ‘‘River-River’’ scenario, two adjacent river-aquifer columns both receive infiltration from above. Only for the left column the vertical infiltration flux
through the riverbed is sufficient to generate fully saturated conditions (Kaq� Kaq,critical), while the right column does not receive sufficient amounts of vertical infiltration
due to clogging of the riverbed (Kaq> Kaq,critical). (right) In the ‘‘River-Bank’’ scenario, the left column receives infiltration from above and is fully saturated (Kaq� Kaq,critical).
Adjacent to that saturated column an unsaturated column is located, which, in contrast to the ‘‘River-River’’ scenario, does not receive any infiltration from above.

20 m

220 m

50 m

20 m 10 m200 m 20 m

Conceptual reduction of complexity

(a) (b) (c) (d) (e)

Figure 3. Illustration of the reduction of complexity of spatial heterogeneity. Krb is colored in grey tones, and Kaq is colored in blue tones: the darker the tone, the
lower K. (a) The most complex model represents log-normally distributed Krb and Kaq-fields. In the four models to the right, the reduced complexity of the spatial
heterogeneity is represented by checkerboard-like arrangements of binary varying Krb zones positioned on top of homogeneous aquifers. In (b), the riverbed is
conceptualized by multiple elongated rectangles, which represents elongated structures often encountered in natural rivers. In (c), the riverbed is represented by
multiple squares. The most basic case of heterogeneity is represented by the two-column system (d). The final model (e) is a one-column system with only one
rectangle for the riverbed, which represents a homogeneous Krb. The indicated dimensions are approximate. Rectangles and columns do not represent numerical
grid cells nor isolated columns; instead, the rectangles purely indicate areas of different hydraulic properties which are all laterally and vertically connected.
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suitability of HGS for the simulation of river-aquifer interactions has been demonstrated in numerous stud-
ies (e.g., Banks et al., 2011; Frei et al., 2010; Frei & Fleckenstein, 2014; Karan et al., 2014; Kurtz et al., 2017;
Schilling et al., 2014, 2017). HGS allows the simulation of capillary driven flow in the subsurface, under con-
sideration of heterogeneity. Unsaturated flow is based on the Richards equation, and the van Genuchten
parametrization is used to define the dependency between the relative permeability kr, pressure w [L], and
saturation Sw. Fluxes q [L/T] are calculated according to equation (4), where z [L] represents the elevation
head and w the pressure head:

q52K � kr wð Þr w1zð Þ (4)

The van Genuchten (1980) parameterization uses the two fitting parameters a [L21] and b to determine Sw:

Sw5Swr1 12Swrð Þ 11jawjb
h i2m

for w < 0 (5)

Sw51 for w � 1 (6)

kr wð Þ5Se
lpð Þ 12 12Se

1=m

� �mh i2
(7)

Se5 Sw2Swrð Þ= 12Swrð Þ (8)

Swr is the residual water saturation, t: is given as 121=b with b> 1, Se is the effective saturation, and lp is
the pore-connectivity parameter (52).

The fitting parameters a [L21] and b are different for every soil type. Parameter values of four typical soil
types are listed in Table 2.

2.3. Experiments and Proposed Approaches
2.3.1. A Novel Stochastic 1-D Criterion to Estimate the Upper Bound of the Spatial Extent of
Unsaturated Areas in SW-GW Systems
The 1-D criterion of Brunner et al. (2009a) did not incorporate the heterogeneity of Krb and Kaq. A repeated
application of the 1-D criterion in a spatially distributed manner could, however, provide the basis to predict
the spatial extent of the unsaturated area across an entire riverbed. To achieve this, we express Krb and Kaq by
their respective probability density functions. This concept is illustrated on the second row of Figure 1, where
the pdfs P(Krb) and P(Kaq) are represented by log-normal distributions. A Monte Carlo (MC) procedure can
then be used to efficiently sample the pdf of Krb and insert the value into equation (2) to solve for Kaq,critical.
The pdf of Kaq is also sampled and the values inserted into equation (3) to evaluate, together with Kaq,critical,
the 1-D criterion. Equation (3) is evaluated as many times as MC samples are taken. For the complete set of
MC samples obtained in this way, the ratio of riverbed-aquifer pairs that can lead to unsaturated conditions
versus the total number of pairs provides an estimate of the spatial extent of the unsaturated area in and
below the riverbed.

To assess the predictive capability of this spatially distributed but simple stochastic 1-D criterion, the unsatu-
rated areas estimated with the stochastic 1-D criterion were compared to fully heterogeneous 3-D reference
simulations of a realistic cross-sectional river-aquifer model in Experiment 1 (see, Figure 2a and Table 1).
2.3.1.1. Experiment 1: Estimation of the Unsaturated Area With the Stochastic 1-D Criterion
The following steps were carried out to assess the reliability of the stochastic 1-D criterion in the estimation
of the unsaturated area in a heterogeneous aquifer underneath a heterogeneous riverbed:

Table 2
Parameters Values After Carsel and Parrish (1988) for Four Typical Soil Types

Parameter Loam Sandy loam Loamy sand Sand

Porosity (n) 0.43 0.41 0.41 0.43
a 3.6 m21 7.5 m21 12.4 m21 14.5 m21

b 1.56 1.84 2.28 2.68
Swr 0.078 0.065 0.057 0.045

Note. Typical hydraulic conductivities are not given, as K can vary by orders of magnitude and in this study the influ-
ence of K was investigated systematically.
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1. The unsaturated area was systematically estimated for 4 3 7 different degrees of heterogeneity of Krb

and Kaq using the stochastic 1-D criterion. The spatial heterogeneity of both Krb and Kaq was represented
by log-normally distributed pdfs. Table 3 provides a summary over the different Krb – Kaq scenarios that
were tested in this experiment. Scenarios rb1 and rb2 are scenarios with high variance (high r2

logKrb and
r2

logKaq) and scenarios rb3 and rb4 are scenarios with mild variance (moderate r2
logKrb and r2

logKaq). For
scenarios rb1 and rb3, a short horizontal correlation length (sK,h) was implemented and for scenarios rb2
and rb4 a long correlation length. The different degrees of heterogeneity were chosen to reflect typical
riverbed properties as reported in the literature (Calver, 2001; Rubin, 2003; Stewardson et al., 2016). For
every scenario, an ensemble of 44,000 pairs of Krb and Kaq was sampled from the respective P(Krb) and
P(Kaq), and subsequently evaluated with the stochastic 1-D criterion The unsaturated area obtained in
this way is denoted as estimated unsaturated area throughout the manuscript.

2. For every spatial heterogeneity scenario tested under (1), 10 random Krb-fields and 10 random Kaq-fields
were generated. The unconditional geostatistical simulations of log-normally distributed random-fields
of Krb and Kaq were based on a spherical variogram and generated with gstat (Pebesma, 2004) in R
(R Core Team, 2015). K was only varied horizontally (for the vertical direction an infinite correlation length
was used). The resulting K-fields were used as input for numerical flow simulations with a 3-D cross-sec-
tional river-aquifer model. Simulations were carried out in steady state using HGS, and the resulting
unsaturated area in the first layer immediately below the riverbed served as a reference. The simulated
average unsaturated area of the 10 realizations of each scenario is denoted as reference unsaturated area
throughout the manuscript. The 3-D cross-sectional river-aquifer reference model was set up in the fol-
lowing way: a 22 m wide river (a 20 m wide riverbed plus a 1 m wide riverbank on each side) was cen-
tered over a 200 m wide aquifer cross section. The cross section had a vertical extent of 51 m and was

Table 3
Parameters of the 4 3 7 Different Heterogeneous Riverbed-Aquifer Scenarios Tested

Scenario llogKrb (m/d) r2
logKrb (m2/d2) sKrb,h (m) llogKaq (m/d) r2

logKaq (m2/d2) sKaq,h (m) lKaq: lKaq,critical

rb1 - aq1 21 1 4 0 1 4 5
rb1 - aq5 21 1 4 1 1 4 50
rb1 - aq9 21 1 4 3 1 4 5,000
rb1 - aq13 21 1 4 21 1 4 0.5
rb1 - aq17 21 1 4 2.3 1 4 1,000
rb1 - aq21 21 1 4 22 1 4 0.05
rb1 - aq25 21 1 4 23 1 4 0.005
rb2 - aq2 21 1 12 0 1 12 5
rb2 - aq6 21 1 12 1 1 12 50
rb2 - aq10 21 1 12 3 1 12 5,000
rb2 - aq14 21 1 12 21 1 12 0.5
rb2 - aq18 21 1 12 2.3 1 12 1,000
rb2 - aq22 21 1 12 22 1 12 0.05
rb2 - aq26 21 1 12 23 1 12 0.005
rb3 - aq3 21 0.1886 4 0 0.1886 4 5
rb3 - aq7 21 0.1886 4 1 0.1886 4 50
rb3 - aq11 21 0.1886 4 3 0.1886 4 5,000
rb3 - aq15 21 0.1886 4 21 0.1886 4 0.5
rb3 - aq19 21 0.1886 4 2.3 0.1886 4 1,000
rb3 - aq23 21 0.1886 4 22 0.1886 4 0.05
rb3 - aq27 21 0.1886 4 23 0.1886 4 0.005
rb4 - aq4 21 0.1886 12 0 0.1886 12 5
rb4 - aq8 21 0.1886 12 1 0.1886 12 50
rb4 - aq12 21 0.1886 12 3 0.1886 12 5,000
rb4 - aq16 21 0.1886 12 21 0.1886 12 0.5
rb4 - aq20 21 0.1886 12 2.3 0.1886 12 1,000
rb4 - aq24 21 0.1886 12 22 0.1886 12 0.05
rb4 - aq28 21 0.1886 12 23 0.1886 12 0.005

Note. Kaq,critical was calculated with hrb 5 0.5 m and d 5 0.5 m, corresponding to the values used in the model setup
of the reference 3-D simulations. The correlation lengths correspond to the horizontal directions. For the vertical direc-
tion, an infinite correlation length was chosen.
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20 m thick. The river was conceptualized as a ponded water depth d of 0.5 m, acting inside the riverbed
at x 5 90 – 110 m, y 5 0 – 20 m and z 5 50.5 m, leaving an effective riverbed height hrb of 0.5 m. The riv-
erbanks, located at x 5 89 – 90 m and x 5 110 – 111 m, had a 1 m vertical extent. This geometric design
was adapted from Irvine et al. (2012), and corresponds to the complex model shown in Figure 2a. In the
horizontal direction, the rectangular grid had a resolution of 1 m. In the vertical direction, the resolution
varied from 0.03125 m immediately below the riverbed to a resolution of 5 m at the bottom of the aqui-
fer. The regional DTW was fixed to 19.5 m. The riverbed had typical soil retention characteristics of a
loam, and the aquifer of a sand (see Table 2).

3. In the final step, the estimated unsaturated area from the stochastic 1-D criterion and the reference unsat-
urated area simulated with the 3-D cross-sectional river-aquifer model were compared for the 4 3 7 dif-
ferent degrees of heterogeneity of Krb and Kaq.

2.3.2. Assessing the Influence of Horizontal Fluxes and Spatial Heterogeneity on the Extent of
Unsaturated Zones
2.3.2.1. Experiment 2: Influence of Horizontal Fluxes on the Development of Unsaturated Zones
Experiment 2 was designed to investigate the importance of horizontal fluxes driven by capillary forces at
the interface between a saturated and an unsaturated zone. Two scenarios, the ‘‘River-River’’ and the ‘‘River-
Bank’’ scenario were developed. In both cases, two river-aquifer columns are adjacent to one another, with
the left column being saturated (i.e., Kaq� Kaq,critical) and the right column being unsaturated (i.e.,
Kaq> Kaq,critical), as illustrated in Figure 3. In the ‘‘River-River’’ scenario, vertical infiltration flux does occur in
the right column, but unsaturated conditions prevail. In the ‘‘River-Bank’’ scenario, no vertical infiltration flux
occurs in the right column. While the name indicates that the ‘‘River-Bank’’ scenario is representative of the
situation at river banks, it can also develop where parts of the riverbed are completely impermeable, and
infiltration cannot take place.
2.3.2.1.1. Experiment 2a: Desaturation or Resaturation?
In Experiment 2a, we tested if horizontal redistribution through capillary forces can be of such a degree that
sections under clogged areas can become resaturated or if fully saturated zones under unclogged areas
could become desaturated. The simplest conceptual case of heterogeneity as shown in Figure 2d was used
to isolate horizontal redistribution from more complex spatial effects. The simple, two-column test case con-
sisted of the ‘‘River-River’’ or the ‘‘River-Bank’’ scenario (as shown in Figure 3). Soil retention characteristics of
a loam (see Table 2) were used for the riverbed as well as the aquifer, and simulations were carried out in
steady state.
2.3.2.1.2. Experiment 2b: Influence of the Soil Type on Horizontal Fluxes
In Experiment 2b, the effects of different soil retention characteristics were systematically assessed using
the ‘‘River-Bank’’ scenario. The ‘‘River-Bank’’ scenario was chosen to eliminate potentially confounding
effects of other moisture sources, e.g., vertical inflow into the unsaturated column. The four typical soil types
that are listed in Table 2 were tested. To assess the horizontal redistribution under different soil retention
characteristics, Kaq of the unsaturated column was also systematically varied: For each soil type tested, the
Kaq: Kaq,critical ratio was varied between 50,000 and 0.005, while Krb was kept constant.
2.3.2.1.3 Detailed Model Setup of Experiment 2
Each individual column had a horizontal extent of 10 m 3 10 m, and a vertical extent of 50 m. The spatial
resolution of the models was 0.25 m in the horizontal and 0.2 m in the vertical direction. A fixed hydraulic
head boundary condition of 0 m was imposed on the bottom of each column, creating a DTW of 50 m. For
the saturated columns, a ponded surface water depth d of 0.5 m was imposed on the top of the column. In
the ‘‘River-River’’ scenarios, the same d was imposed on the unsaturated column, whereas in the ‘‘River-
Bank’’ case, no ponded water depth was imposed (d 5 0) on the unsaturated column. The top meter of
each column represented a riverbed with a Krb of 0.001 m/d. For the saturated column (i.e., Kaq,critical�Kaq),
Kaq was set to 0.001 m/d. For the unsaturated column (i.e., Kaq,critical< Kaq), in Experiment 2a a fixed Kaq of
100 m/d was used whereas in Experiment 2b Kaq was gradually varied between 100 m/d and 1025 m/d.
Simulations were carried out in steady state.
2.3.2.2. Experiment 3: Influence of Spatial Heterogeneity of the Riverbed on Horizontal Fluxes
To systematically investigate the influence of spatial heterogeneity on horizontal fluxes and on the develop-
ment of unsaturated zones, besides the river-scale and column-scale experiments, in Experiment 3
checkerboard-style experiments were performed (see Figures 2b and 2c). The simplistic representations of
spatial heterogeneity as checkerboard-style arrangements allow an optimal flexibility to systematically
investigate the influence of the magnitude, the variance, and the spatial correlation of K on horizontal fluxes
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and the development of unsaturated areas. They were inspired by nat-
urally occurring riverbed structures, such as the bioclogging phenom-
ena described by Treese et al. (2009), Aubeneau et al. (2016), or
Newcomer et al. (2016). Checkerboard-style configurations with struc-
tures elongated in the direction of flow were inspired by structures
that are observable on the surface of low-gradient systems: gravel bar
structures in alluvial systems (e.g., Huggenberger et al., 1998; Rosgen,
1994) or tear-shaped islands in wetlands as for example found in the
Greater Everglades Ecosystem (e.g., Lodge, 2005; McVoy et al., 2011;
Schilling et al., 2013).

In Experiment 3a, the checkerboard-style riverbed consisted of
squares with equal side lengths but different Krb values (see Figure
2c). In Experiment 3b, the checkerboard-style riverbed consisted of

elongated rectangles (see Figure 2b). To isolate the influence of the spatial heterogeneity of K on horizontal
fluxes to one layer and to reduce the influence of confounding effects of an adjacent heterogeneous layer,
the aquifer was simulated as a homogeneous medium.
2.3.2.2.1. Experiment 3a: Influence of Correlation Length and Variance of K
In Experiment 3a, the arithmetic mean of Krb of the entire riverbed (lKrb) was kept constant at 0.1 m/d, while
the Krb of the individual squares was varied in 0.02 m/d intervals between 0.0 and 0.2 m/d, in order to simu-
late different variances of Krb (r2

logK). To simulate different sKrb,h, the side lengths of the squares were var-
ied, and three different side lengths were tested: 1, 2, and 5 m. This resulted in 6 3 3 different models. The
tested r2

logK and sKrb,h are summarized in Table 4.
2.3.2.2.2. Experiment 3b: Influence of Elongated Correlation Structures
and of the Horizontal Domain Size
To understand the influence of elongated spatial correlation structures on the development of unsaturated
zones, in Experiment 3b the domain size in x-direction was increased by a factor of 100. Also, sKrb,h was
increased by a factor of 100 in the x-direction. This resulted in a horizontal model domain of 2,000 m 3

10 m, and horizontal correlation structures of (1) sKrb,x 5 100 m and sKrb,y 5 1 m, (2) sKrb,x 5 200 m and
sKrb,y 5 2 m, and (3) sKrb,x 5 500 m, sKrb,y 5 5 m. Only the strongest variance case tested in Experiment 3a
was used for Experiment 3b (i.e., Krb,high 5 0.2 m/d, Krb,low 5 0 m/d).
2.3.2.2.3. Detailed Model Setup of Experiment 3
The checkerboard-style arranged columns had the following properties: a heterogeneous riverbed with a
vertical extent hrb of 0.5 m was positioned on top of a homogeneous aquifer of 49.5 m thickness. As in the
previous experiments, a ponded water depth d of 0.5 m was imposed on the top of the riverbed. A constant
hydraulic head of 0 m was fixed at the bottom of the column, creating a losing system with a DTW of 50 m.
The aquifer had a fixed Kaq of 1 m/d and typical soil retention characteristics of a sand (see Table 2). The riv-
erbed was conceptualized as an arrangement of squares in Experiment 3a and of elongated rectangles in
Experiment 3b using different Krb values as described above. The riverbed had typical soil retention charac-
teristics of a loam (see Table 2). The models of Experiment 3a had a horizontal extent of 20 m 3 10 m, and
of 2,000 m 3 10 m in Experiment 3b. The horizontal resolution of the rectangular grid was 0.25 m and the
vertical resolution 0.5 m; this is slightly less than in Experiment 2, but a test of grid convergence showed
that it is sufficient for this experiment. All simulations were carried out in steady state.

3. Results

3.1. Estimation of the Unsaturated Area With the Stochastic 1-D Criterion
In Experiment 1, the estimated unsaturated area using the stochastic 1-D criterion was compared to the ref-
erence unsaturated area simulated with fully heterogeneous 3-D river-aquifer cross-sectional models that
were based on geostatistically simulated random K-fields for both the riverbed and the aquifer. The results
are presented in Figure 4 (see Table 3 for the corresponding statistical properties of the different scenarios).
The results clearly show that the 1-D estimated unsaturated area is always either larger than, or equal to, the
3-D reference unsaturated area. By comparing the estimated unsaturated area and the reference unsaturated
area to the corresponding ratio of lKaq: lKaq,critical, it becomes evident that this ratio is not only a first-order
control for the development of unsaturated areas, but also for the mismatch between the estimated and

Table 4
Overview of the Different Binary Combinations of High Krb and Low Krb (Simu-
lating r2

logK), and of the Different sKrb,h, Conceptualized as Differing Side
Lengths of the Square Krb-Fields That Were Used in Experiment 3a

Krb,high: Krb,low (r2
logK) sKrb,h

0.00: 0.20 m/d 1 m
0.02: 0.18 m/d 2 m
0.04: 0.16 m/d 5 m
0.06: 0.14 m/d
0.08: 0.12 m/d
0.10: 0.10 m/d

Note. The different r2
logK and sKrb,h were combined to 6 3 3 different

models.
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simulation reference unsaturated area: The closer the ratio is to 1, the more likely partially saturated-partially
unsaturated conditions can develop, and the more likely the estimated unsaturated area and the reference
unsaturated area differ. On the other hand, the further the ratio is away from 1 (e.g., smaller than 0.05 or
larger than 50), the more likely it is that a fully saturated or a fully unsaturated state develops directly below
the riverbed (e.g., see Figures 1a and 1b). If the extent of the unsaturated area is either very large (� 95%)
or very small (� 5%), the estimated unsaturated area is close to the reference unsaturated area and the
mismatch minimal. Comparing the high variance scenarios (Figure 4, left) to the low variance scenarios
(Figure 4, right) reveals that the higher the variance of K the more likely it is that partially saturated-partially
unsaturated conditions develop. A higher variance therefore increases the potential for an overestimation
of the unsaturated area using the stochastic 1-D criterion.

In summary, the results demonstrate that the unsaturated area can only be overestimated with the stochas-
tic 1-D criterion, which makes the stochastic 1-D criterion a reliable predictor for the upper bound of the
unsaturated area in river-aquifer systems. However, neglecting horizontal flow processes appears to result
in a mismatch between estimations based on the stochastic 1-D criterion and the true unsaturated area.
The mismatch is largest for the high variance cases with a lKaq: lKaq,critical ratio close to 1, where the stochas-
tic 1-D criterion predicts pronounced partially saturated-partially unsaturated conditions. In the most
extreme case (rb1-aq13), the estimated unsaturated area was approximately 45% while the reference unsatu-
rated area was 0%. It thus appears that under favorable conditions, horizontal fluxes can be strong enough
to make an estimated partially saturated-partially unsaturated system a fully saturated system. For the river-
aquifer system tested, a partially saturated-partially unsaturated condition was always observed if the unsat-
urated area was estimated to be larger than 45% but smaller than 95%. Resaturation of up to 45% of the
area through horizontal fluxes was only observed for the strongest degree of heterogeneity. These findings
therefore suggest that the degree of heterogeneity is a controlling factor for the potential of horizontal
redistribution of water from unclogged to clogged areas in the subsurface.

3.2. Influence of Horizontal Fluxes on the Development of Unsaturated Zones
3.2.1. Results of Experiment 2a: Desaturation or Resaturation?
The results of the one-column experiments (illustrated in Figure 5) are in agreement with equation (1). For
the two-column experiments, however, the results indicate that horizontal fluxes in the subsurface can

Figure 4. Illustration of the estimated unsaturated area based on the stochastic 1-D criterion versus reference unsaturated area simulated with the 3-D river-aquifer
cross-section model. The unsaturated area is given as the percentage of the total area of the riverbed, plotted against the ratio lKaq: lKaq,critical. The results are split
in two groups, (left) high variance scenarios (rb1 and rb2), (right) low variance scenarios (rb3 and rb4). The statistical properties used for the simulation of each sce-
nario can be found in Table 3.
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redistribute water and significantly and alter the degree of saturation in an otherwise unsaturated, clogged
column: if the unsaturated column is adjacent to a saturated column, horizontal inflow of water increased
the degree of saturation in the clogged column. This is particularly evident in a ‘‘River-Bank’’ setting (Figure
5), where the clogged column would be dry if not adjacent to an unclogged and saturated column. While
horizontal fluxes transport water from the unclogged into the clogged column, these fluxes are not large
enough to desaturate the saturated column. Only directly at the interface between the two columns, deep
below the riverbed (more than 20 m below the top of the model domain), a small amount of desaturation
can be observed in the ‘‘River-River’’ case (Sw 5 0.92). For the SW-GW interactions investigated in this study,
however, such a small desaturation far below the riverbed is not of concern, as its influence on exchange
fluxes between the SW and the GW is negligible. For practically relevant SW-GW interactions, it can there-
fore be stated that if a column is unclogged and saturated according to equation (1), significant desatura-
tion through horizontal redistribution is unlikely to occur even if this column is connected to a completely
dry column. The findings of Experiment 2a are in agreement with the findings of Experiment 1 as well as
with the results from a study by Xie et al. (2014), who found that even though an unsaturated zone can
occur under unclogged conditions, it could only be observed for very narrow or almost completely dry riv-
ers and at very high DTWs. The findings of Experiment 2a shed light on the observations made previously in
Experiment 1: if the state of saturation for realistic SW-GW systems is estimated with the stochastic 1-D cri-
terion, an overestimation of the unsaturated area is likely due to horizontal redistribution of water in the
subsurface, whereas an underestimation is unlikely and could not be observed.
3.2.2. Results of Experiment 2b: Influence of the Soil Type
The results of Experiment 2b, illustrated in Figure 6, clearly show that the loamier the aquifer, the greater its
ability to horizontally redistribute water from an unclogged, saturated zone into a clogged, unsaturated
zone. However, the results also show that there is no significant difference between the soil types if only
the propagation of the fully saturated wetting front into a dry column is considered: While some water
propagates further into loamier soil than into sandy soil, the fully saturated wetting front directly under-
neath the riverbed propagated the same distance into the unsaturated column under all different soil types.
Moreover, the results show that as long as Kaq of the unsaturated column was larger than 0.001 m/d and
Kaq: Kaq,critical was larger than 0.5, horizontal redistribution could not significantly alter the degree of satura-
tion in the clogged zone immediately below the riverbed; most of the water that enters the clogged column
through horizontal fluxes is transported downwards, and the column remains unsaturated. However, for a
Kaq of 0.001 m/d and Kaq: Kaq,critical 5 0.5, the horizontal distance Dx [L] that the fully saturated wetting front
propagated into the clogged zone immediately underneath the riverbed was approximately 0.5 m. Under a

Figure 5. Steady state saturation profiles of Experiment 2a. (left) ‘‘River-River’’ scenario for a loamy soil. The individual ‘‘River’’ column shows that a loam can retain
a significant amount of moisture. Due to this high background moisture content, connection of a saturated ‘‘River’’ column to an unsaturated ‘‘River’’ column does
not appear to increase the saturation in the unsaturated column far away from the interface between the columns. (right) ‘‘River-Bank’’ scenario for a loamy soil: If
a normally unsaturated ‘‘Bank’’ column (i.e., normally a dry column as there is no vertical water inflow) is connected to a saturated ‘‘River’’ column, lateral inflow of
water from the ‘‘River’’ column into the ‘‘Bank’’ column can significantly increase the degree of saturation far into the ‘‘Bank’’ column.
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Kaq 5 0.0001 m/d and Kaq: Kaq,critical 5 0.05, horizontal redistribution significantly altered the unsaturated
area below the riverbed, with a Dx of approximately 2.5 m. For a Kaq of 0.00001 m/d and Kaq:
Kaq,critical 5 0.005, the horizontal redistribution became so strong in comparison to vertical downward trans-
port in the clogged column that almost the entire clogged column exhibited fully saturated conditions.

3.3. Influence of the Spatial Heterogeneity of the Riverbed on the Development of Unsaturated
Zones
3.3.1. Results of Experiment 3a: Influence of the Correlation Length and Variance of K
In the results of Experiment 3a presented in Figure 7, for the riverbeds with the highest r2

logK (i.e.,
Krb,low 5 0 m/d & Krb,high 5 0.2 m/d), stark contrasts in the saturation profile can be observed. Saturation
contrasts are also large between the models of different correlation lengths sKrb,h: The larger sKrb,h, the
stronger the distinction between saturated and unsaturated zones. Even for the largest r2

logK tested (which
implies that one half of the riverbed is completely impermeable), the shortest sKrb,h of 1 m was small
enough to enable significant saturation of clogged areas through horizontal redistribution. For sKrb,h 5 5 m

Figure 6. Cross-sectional illustration of the steady state saturation profiles for the four different soil types and the eight different Kaq of the unsaturated columns
tested in Experiment 2b.
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and the highest r2
logK, the horizontal redistribution of water only has a minimal effect on the unsaturated

area immediately below the riverbed. The results illustrate the importance on the spatial structure of hetero-
geneity on the efficiency of horizontal redistribution: In riverbeds where clogged areas are made up of
many small, spatially disconnected patches, unsaturated areas are less likely to develop compared to river-
beds where large connected clogged areas exist.
3.3.2. Results of Experiment 3b: Influence of Elongated Correlation Structures
and of the Horizontal Domain Size
The importance of the relation between sKrb,h and the horizontal domain size becomes evident when look-
ing at results of the gravel-bar-mimicking models illustrated in Figure 8: If riverbed structures are elongated

Figure 7. Steady state solutions of the checkerboard-style column models with the aim to illustrate the influence of correlation structure and variance of Krb on
the development of unsaturated zones. For better presentation, only the top 15 m of the columns are shown. Krb is displayed in grey scales, the saturation in the
aquifer is displayed in blue tones. The horizontal redistribution of water significantly increased the saturation of the columns that do not receive sufficient amounts
of water from direct vertical infiltration in order for them to become saturated.

Figure 8. Steady state saturation profiles for the elongated river-aquifer models. With this experiment, the influence of the horizontal domain scale on the horizon-
tal redistribution was tested. Horizontal redistribution of water can still significantly influence the saturation in unsaturated zones across the river, but for such an
elongated riverbed structure, horizontal redistribution along the river is virtually eliminated.
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in the direction of river flow, horizontal redistribution of water across the river can still be an important
mechanism of resaturation. However, the horizontal redistribution becomes a less important mechanism in
the direction of river flow due to the interplay between the magnitude of sK,h and the horizontal domain
size: With elongated structures in the direction of river flow, the distance that water must travel in the sub-
surface in order to saturate clogged areas becomes larger, and only horizontal redistribution of water across
the river is left as a mechanism to saturate otherwise unsaturated areas. If sKrb,h across the river is small
compared to the river width, the effect of the gravel-bar-like elongated structures can be compensated by
horizontal redistribution (shown on the top row of Figure 8). However, if sKrb,h perpendicular to the river
approaches the width of the river, the overall horizontal redistribution is significantly reduced, and satura-
tion of clogged areas becomes much less likely (as shown on the bottom row of Figure 8).

3.4. Quantifying the Importance of Horizontal Fluxes
Based on the findings of the experiments presented above, in this section an analysis that addresses the inter-
play between horizontal fluxes and spatial heterogeneity is proposed. It allows the estimation of the potential
for resaturation of clogged areas through horizontal fluxes driven by capillary forces. With this analysis, the
mismatch between the stochastic 1-D criterion and the true unsaturated area can be significantly reduced.
3.4.1. Influence of the Ratio Kaq: Kaq,critical and the Variance of K on Horizontal Redistribution
The results of Experiment 1 (illustrated in Figure 4) showed that the higher the variance of both Krb and Kaq

in the river-aquifer system, and the closer the ratio of lKaq: lKaq,critical to 1, the larger the mismatch between
the estimated unsaturated area and the reference unsaturated area. The reason for this becomes evident in
Figure 9, where the hypothetical pdfs of Kaq and Kaq,critical of both a low and a high variance scenario are
compared: The larger the variance (and the closer the ratio of lKaq: lKaq,critical to 1), the greater the potential
for overlap between P(Kaq) and P(Kaq,critical). This leads to a greater probability that saturated columns and
unsaturated columns (based on the stochastic 1D-criterion) would be located next to each other. Moreover,
a lKaq: lKaq,critical ratio close to 1 leads to a higher probability that clogged and unsaturated columns are
only slightly unsaturated (e.g., Swr � Sw < 1). As only slightly unsaturated columns require less water until
full saturation is reached, their potential to become resaturated due to horizontal redistribution is therefore
higher. A clogged column of a high variance scenario with lKaq: lKaq,critical close to 1, therefore, has a higher
probability of becoming fully saturated through horizontal fluxes. Consequently, the mismatch between the
stochastic 1-D criterion and the true unsaturated area becomes larger for such scenarios.
3.4.2. Influence of the Horizontal Correlation Length of K on Horizontal Redistribution
The results of Experiment 3 presented in Figures 7 and 8 show that the smaller the horizontal correlation
length of K in the riverbed, and the more evenly zones of different K are distributed, the greater the poten-
tial for horizontal redistribution. The reason for this is twofold: (i) the more evenly clogged areas are spatially
distributed, and the smaller these individual areas are, the longer the total length of the circumference of
unsaturated zones (see checkerboard-style results in Figure 7). Horizontal redistribution can only take place
along the interface between saturated and unsaturated areas. Therefore, the longer the interface the

Figure 9. Comparison of a low and a high variance (r2
logK) river-aquifer scenario. Illustrated are the pdfs of Kaq and Kaq, critical. Due to the larger overlap between

P(Kaq) and P(Kaq,critical) in high variance K scenarios, there is a higher probability that the moisture content in two neighboring columns is similar compared to a
low variance K scenario.
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greater the potential for horizontal redistribution of water from unclogged into clogged columns. (ii) for the
saturation of clogged areas the horizontal distance Dx that water can travel horizontally as a result of capil-
lary forces is important as well: In the case of a small horizontal correlation length of K, clogged patches are
also relatively small and can easily be saturated through horizontal fluxes given the limited horizontal travel
distance required. To estimate to what extent horizontal fluxes can saturate the area under clogged river-
bed sections, estimates of the length of the interface between clogged- and non-clogged areas, as well as
of Dx, are required. If the interface length and Dx are known, the saturated surface area and clogged
patches of the riverbed can be estimated.

3.5. Applications
The numerical experiments have provided insights on how spatial heterogeneity of the riverbed and the
aquifer control the extent of unsaturated areas at the river-aquifer interface. We now provide two examples
on how the theoretical concepts developed can be applied in practice. In the first application, we assume
that the clogged surface areas in a given riverbed have been documented in the field. In the second appli-
cation, we assume only statistical data on the hydraulic properties of the riverbed and the underlying aqui-
fer are available, either from a field campaign or literature review.
3.5.1. Application 1: Estimating Unsaturated Areas Under a Riverbed With Biofilm Growth
Treese et al. (2009) developed a conceptual model for the growth of biofilms, according to which growth
occurs at different points along the riverbed. The biofilms grow in circular or elliptical patches, and result in
lower K at the top of the riverbed. In the early stage of biofilm growth, saturated conditions under the clog-
ging biofilms will prevail as a result of horizontal redistribution (compare to Figure 1a). As the biofilms
grow, the clogged areas become too large for horizontal redistribution to maintain saturation throughout
the riverbed (compare to Figure 1c for example, where only a small saturated area exists). Eventually the
biofilm causes a complete disconnection (compare to Figure 1b). Our analysis can help to identify at which
point in biofilm development unsaturated areas can occur. The following steps are suggested:

Step 1: First, the temporal evolution of the spatial distribution of patches overgrown by biofilm should be
mapped and digitized in a GIS package, which will allow the estimation of the spatial extent of the clogged
area. The outline of the clogged areas can then be estimated using standard tools provided by GIS software
packages. We hereby denote this interface between the clogged and the unclogged areas as the Clogged
Area Interface (CAL) [L]. According to the example of Treese et al. (2009), the following configuration at a river
reach of 20 m 3 10 m horizontal extent could occur: early biofilm growth is characterized by a limited number
of circular patches with small radii, for example 1 m. Five of these patches would have a total CAL of 31.4 m,
and result in a clogged area of 15.7 m2. According to Treese et al. (2009), later biofilm growth stages could
result in larger radii, for example 3 m. If all of these patches with a 3 m radii were located entirely within the
river reach, the total CAL of these five patches would be 94.2 m, and the clogged area could span 141.4 m2.

Step 2: In a next step, assumptions on the horizontal travel distance Dx have to be made. If a Dx is assumed
to be zero, no resaturation under clogged areas will take place, and unsaturated zones will develop even
under very small patches of clogged areas. While many factors influence Dx, a value of 0.5 m is realistic, as
the results of Experiment 2b have shown. The CAL calculated under step 1 is then multiplied by Dx. For the
CAL of the early biofilm growth stage (31.4 m), a total area of 15.7 m2 could become resaturated with a Dx
of 0.5 m. During the later biofilm growth stage, a Dx of 0.5 m multiplied by the 94.2 m long CAL would result
in a resaturated area of 47.1 m2.

Step 3: In the last step, the resaturated area needs to be compared to the clogged area. The resaturated
area can be subtracted from the clogged area, to provide an overall estimate of the unsaturated area. For
the early growth stage of biofilms, the area that is clogged (15.7 m2) and the area which can be resaturated
(15.7 m2) are exactly equal. In this case, no unsaturated areas should appear at the river-aquifer interface,
despite the presence of clogging patches. In the later biofilm growth stage, however, the potentially resatu-
rated area of 47.1 m2 is smaller than the total clogged area of 141.4 m2, with unsaturated areas forming.
3.5.2. Application 2: Estimating the Extent of Unsaturated Areas in River-Aquifer
Systems With Known Statistical Properties
The case of Treese et al. (2009) described above is special, because the clogging areas can easily be identi-
fied due to the visibility of biofilm patches. However, if the clogging is not directly identifiable, measure-
ments of hydraulic properties in the riverbed and the underlying aquifer allow the establishment of
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statistical properties such as the correlation length and the variance of the hydraulic conductivities. Such data
are also available for different types of alluvial systems, e.g., from Batu (2005) or Rubin (2003). Based on these
data, the following steps allow an estimation of the unsaturated zones at the river aquifer interface:

Step 1: First, the stochastic 1-D criterion as outlined in section 2.3.1 should be applied for the given riverbed
and aquifer properties. This provides the upper bound of the spatial extent of the unsaturated area.

Step 2: Second, the spatial arrangement of clogged and unclogged areas needs to be estimated. To take
both the spatial heterogeneity of Krb and Kaq into account, we suggest the following approach: Based on
the pdfs and correlation lengths of the Krb and Kaq, many realizations of hydraulic conductivity for the river-
aquifer system can be generated with a geostatistical simulator. The 1-D criterion (equation (3)) then needs
to be evaluated for every pair of Krb and Kaq that are located on top of each other, so that binary maps of
clogged and unclogged areas can be generated. These binary maps contain information on the spatial het-
erogeneity of K in the riverbed as well as in the aquifer. The binary maps allow to quantify the CAL of the
clogged areas, for example using GIS software.

Step 3: Next, Dx needs to be estimated. Due to the complex nature of heterogeneous and unsaturated sub-
surface flow, Dx cannot be calculated based on a simple analysis. However, a likely range of Dx can be esti-
mated from Experiment 2a: Dx immediately underneath the riverbed ranged between 0.1 and 1.0 m.

Step 4: The clogged area which can be re-saturated under consideration of the heterogeneity in both the riv-
erbed and the aquifer can now be calculated. The clogged grid cells in the binary map (obtained in step 2)
are scanned: a search radius of size Dx around a grid cell is scanned for saturated grid cells. If saturated grid

Figure 10. Binary maps of clogged versus unclogged areas for the different heterogeneity scenarios tested in Application 2. (top left) Binary maps of the high
variance scenarios. (bottom left) Binary maps of the low variance scenarios. (right) Legend. The horizontal dimensions of the tested systems are indicated on the
schematic map on the bottom right.
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cells are available within this search radius, the clogged grid cell will at least partly be resaturated. If the com-
plete clogged grid cell is within a distance Dx of saturated grid cells, it will be completely resaturated
through lateral redistribution. The resulting unsaturated area is hereby denoted resaturation corrected unsatu-
rated area.

Step 5: In the last step, the estimated unsaturated area obtained in step 1 needs to be compared to the resa-
turation corrected unsaturated area obtained in step 4.

In the following, we illustrate the application of these steps using the same statistical riverbed-aquifer sce-
narios as in Experiment 1 (see Table 3). As for Experiment 1, for each scenario 10 realizations of heteroge-
neous Krb-Kaq-fields were generated using the same geostatistical simulation procedure as outlined in
section 2.3.1. The binary maps of clogging, which resulted from the evaluation of the 10 stochastic realiza-
tions of Krb-Kaq per scenario, are illustrated in Figure 10 (see the supporting information for the correspond-
ing maps of Krb and Kaq). For each binary map, the unsaturated area under consideration of horizontal
redistribution was estimated with Dx 5 0.5 m and Dx 5 1.0 m. In Figure 11, the mismatch between the refer-
ence unsaturated area and the estimated unsaturated area, as well as the mismatch between the reference
unsaturated area and the resaturation corrected unsaturated area for Dx of 0.5 and of 1.0 m, are compared.

Correcting the estimated unsaturated area by horizontal redistribution based on both a Dx of 0.5 m and
1.0 m resulted in a substantial reduction of the mismatch to the reference unsaturated area, as can be clearly
seen from the reduced mismatch of the resaturation corrected unsaturated areas in Figure 11. The results
demonstrate that a combined application of the stochastic 1-D criterion and the estimation of the area
which can be resaturated allows a better prediction of the spatial extent of the unsaturated area that can
be expected in a natural river-aquifer system. Only for strongly transitional scenarios, that is, for scenarios
with partially saturated-partially unsaturated conditions due to lKaq: lKaq,critical being very close to 1 (i.e.,
between 0.1 and 10), and mainly for scenarios where sKrb,h was large (i.e., scenarios rb2 and rb4), the mis-
match could not be captured well.

4. Discussion

The overarching goals of this paper were to provide guidance on how to assess the spatial extent of unsatu-
rated areas in heterogeneous river-aquifer systems, and to gain a comprehensive understanding of the geo-
logical and hydrogeological controls on the development of unsaturated zones at the river-aquifer
interface. Previous studies have either only relied on extensive hydraulic measurements (Lamontagne et al.,

Figure 11. Comparison of the mismatch between the reference unsaturated area and the estimated unsaturated area, the resaturation corrected unsaturated area
based on a Dx of 0.5 m, and the resaturation corrected unsaturated area based on a Dx of 1.0 m.
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2014), only considered either only riverbed heterogeneity (Irvine et al., 2012) or aquifer heterogeneity
(Fleckenstein et al., 2006), or focused on systems without clogging riverbeds (Pryshlak et al., 2015; Xie et al.,
2014). In our study, we developed approaches to estimate the upper limit of the spatial extent of unsaturated
areas under consideration of heterogeneity of both the riverbed and the aquifer, without the need for exten-
sive hydraulic measurements or complex, physically based modeling. We jointly considered heterogeneity of
riverbed and aquifer K, and if required or desired, our approaches can also be extended to consider heteroge-
neity of hrb (which could address spatially and temporally varying bathymetry) and d (which could address
temporally and spatially variable river stage/ponded water depth) by representing them as stochastic varia-
bles. Through the analysis of the spatial structure of clogged areas using our approaches, it is further possible
to estimate to what extent horizontal redistribution decreases the unsaturated areas under clogged zones.

The proposed approaches are conceptually very easy to use. However, they either require knowledge of the
pdfs and correlation lengths of the hydraulic conductivity of the riverbed and of the underlying aquifer, or
maps of clogged and unclogged areas as in the biofilm growth example. In practice, the spatial heterogene-
ity of the riverbed and the aquifer are difficult to assess, but there are techniques that enable the estimation
of the spatial heterogeneity of the riverbed and the aquifer, for example through the analysis of aerial
images (Butler et al., 2001) or through nonintrusive, geophysical techniques (Wojnar et al., 2013). For a
review on emerging approaches to characterize riverbeds, see Brunner et al. (2017). Nevertheless, there is
an urgent need to develop more efficient approaches to generate highly realistic geological models of river-
beds and their underlying aquifer.

Our chosen approach to characterize heterogeneity in the application of the stochastic 1-D criterion was
based on Gaussian statistics. According to the extensive reviews provided by Koltermann and Gorelick
(1996) and de Marsily et al. (1998), spatial heterogeneity of Krb and Kaq can be approximated with Gaussian
statistics. However, through Gaussian statistics spatial features such as connectivity cannot be retained.
Other approaches such as multiple-point geostatistics (Mariethoz & Caers, 2014; Mariethoz et al., 2010)
could be employed to retain such spatial features. The extent of unsaturated zones beneath the riverbed
for such non-Multi-Gaussian formations can be estimated by combining the stochastic 1-D criterion and
estimating the horizontal redistribution of water. The stochastic 1-D criterion will give the same upper limit
of the spatial extent of unsaturated zones for a Multi-Gaussian and non-Multi-Gaussian formation, if mean
and variance of hydraulic conductivity are the same for both formations. However, horizontal redistribution
is expected to be impacted by the spatial pattern of hydraulic conductivity. Horizontal redistribution of
water can be evaluated by stochastic realizations generated by a multiple-point-based geostatistical model
in a similar way as outlined in section 3.5.2. If in a riverbed the unclogged areas form large connected zones
next to clogged areas (for example channelized or elliptic non-Multi-Gaussian structures such as described
by Tang et al. (2015) and Tang et al. (2017)), horizontal redistribution would be less important compared to
a river where many small unclogged areas are surrounded by clogged zones. The reason for this lies in the
very different length of the interface between clogged and nonclogged areas that arise from the different
correlation structures.

A bottleneck for the reliable estimation of the extent of unsaturated zones is the quantification of the dis-
tance that water can travel horizontally through capillary forces, that is, of Dx. This is a result of the compli-
cated dependency of capillary forces on soil types, infiltration through clogged areas, and the probability
density function of hydraulic parameters. However, by employing conservative (e.g., 0 m) as well as large
values (e.g., 2.5 m) for Dx, the range of unsaturated areas to disappear through horizontal fluxes can be esti-
mated. In the numerical experiments we provided, in most scenarios, a Dx of 1 m could explain the mis-
match between the upper limit of the unsaturated area estimated by the stochastic 1-D criterion and the
‘‘true’’ unsaturated areas that were obtained by physically based simulations 3-D simulations.

5. Conclusions

Conceptualizing river-aquifer systems requires knowledge on the potential for unsaturated areas to develop
at the river-aquifer interface. We explored to what extent prior knowledge of the geological structure of the
riverbed and the underlying aquifer can be integrated to better predict the potential for unsaturated zones
in and below the riverbed to develop. It is the first study to jointly consider heterogeneity of the riverbed
and the underlying aquifer in systematically assessing the development of unsaturated areas. We show that
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the upper limit of the spatial extent of unsaturated zones under losing conditions can be predicted by a
simple stochastic 1-D criterion.

We further explored the role of horizontal redistribution of water at the interface of saturated and unsatu-
rated zones at the river-aquifer interface. Apart from explaining why the stochastic 1-D criterion provides
only an upper bound of the unsaturated area, this analysis showed that the variance of hydraulic conductiv-
ity and the correlation length of hydraulic conductivity, among others, are factors which control the degree
of horizontal redistribution of water. It was shown that calculating the clogged area interface on the basis
of geostatistical realizations, combined with an estimate of the distance over which resaturation can hap-
pen, provided estimates of the unsaturated area beneath riverbeds close to 3-D simulation results. It also
sheds light on the influence of different approaches to stochastically generate river-aquifer systems (e.g.,
Gaussian or non-Gaussian approaches). While the stochastic 1-D criterion will yield identical results indepen-
dent of the geostatistical approach chosen, the estimation of the resaturated areas will not. If the spatial
arrangement of clogged and unclogged zones will resemble a checkerboard-style pattern with many small
patches resulting in a large interface between the two zones, then the system harbors a large resaturation
potential. With more complex, non-Gaussian structures, such as elongated gravel bars or clogged channels
in the direction of river flow, the interface between clogged and unclogged areas would be much smaller
than in the previous example, and substantially reduce the potential for horizontal redistribution to saturate
clogged areas.

Our study reinforces the need to develop more efficient ways to assess the spatial properties and structures
of river-aquifer systems. If no such data are available for a given system, literature values of similar systems
can in principle be used for an initial assessment. However, promising developments to map and assess
geological structures (e.g., through geophysics) will undoubtedly help to facilitate the acquisition of the
required geological data of riverbeds und aquifers.
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