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Abstract The streambed constitutes the physical interface between the surface and the subsurface of
a stream. Across all spatial scales, the physical properties of the streambed control surface water-groundwater
interactions. Continuous alteration of streambed properties such as topography or hydraulic conductivity
occurs through erosion and sedimentationprocesses. Recent studies from thefields of ecology, hydrogeology,
and sedimentology provide field evidence that sedimentological processes themselves can be heavily
influenced by surface water-groundwater interactions, giving rise to complex feedbackmechanisms between
sedimentology, hydrology, and hydrogeology. More explicitly, surface water-groundwater exchanges play a
significant role in the deposition of fine sediments, which in turn modify the hydraulic properties of the
streambed. We explore these feedback mechanisms and critically review the extent of current interaction
between the different disciplines. We identify opportunities to improve current modeling practices. For
example, hydrogeological models treat the streambed as a static rather than a dynamic entity, while
sedimentological models do not account for critical catchment processes such as surface water-groundwater
exchange. We propose a blueprint for a new modeling framework that bridges the conceptual gaps
between sedimentology, hydrogeology, and hydrology. Specifically, this blueprint (1) fully integrates
surface-subsurface flows with erosion, transport, and deposition of sediments and (2) accounts for the
dynamic changes in surface elevation and hydraulic conductivity of the streambed. Finally, we discuss the
opportunities for new research within the coupled framework.

1. Introduction

Sustainable management of both surface water (SW) and groundwater (GW) resources and the environments
they support requires a quantitative understanding of surface water-groundwater (SW-GW) interactions
[Boulton and Hancock, 2006; Gran and Paola, 2001]. In a seminal paper, Freeze and Harlan [1969] described
a blueprint for the simulation of catchment hydrology by proposing to fully couple climatic forcing with
SW and GW flow in a single model. Their blueprint allows for the simulation of the main streamflow genera-
tion processes observed in a catchment and provides a quantitative framework for the sustainable manage-
ment of water resources at the catchment scale. Several models spawned by this blueprint have and continue
to be used to explore SW-GW interactions both through purely theoretical studies as well as applied studies
of real systems [Brunner and Simmons, 2012].

Within this review, the term “SW-GW interaction” concerns stream-aquifer interactions, the streambed, and
near-stream processes. A range of scales is made reference to throughout this review; scales with an indica-
tive length or area are defined within this paper as bed form (centimeters), meander (meters to tens of
meters), reach (hundreds of meters to thousands of meters), catchment (square kilometers), and regional
(hundreds to thousands of square kilometers). In this review, “small scale” refers to the bed form and
meander scales and “large scale” refers to the catchment and regional scales.

Although management of water resources often focuses on whole catchments, streambeds have long
been a topic of great interest because they are the physical interface between surface flow in streams
and subsurface flow in underlying aquifers [Constantz, 2016; Sophocleous, 2002]. They have been the
focus of a large number of studies in the fields of geomorphology, hydrology, and ecology
[Wainwright et al., 2011]. The topography, hydraulic conductivity, and porosity of streambeds control
water, mass, and energy fluxes between SW and GW [Kasahara and Wondzell, 2003]. The physical
characteristics of the streambed also control hyporheic residence times, with major implications for
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stream ecology, biogeochemistry, and water quality (see Tutorial 1). From a global ecological perspective,
increased sediment loads pose a threat to the health of stream ecosystems due to clogging and
permeability reduction of benthic and hyporheic zones [Hartwig and Borchardt, 2015; Mathers et al., 2014].

Tutorial 1: Why the Streambed Matters in Exchanges Between the Surface
and Subsurface

Stream-aquifer exchange is driven by the hydraulic head gradient across the streambed. The hydraulic
head at a given location in a streambed has hydrostatic and hydrodynamic components [Boano et al.,
2014]. The hydrostatic component is the sum of elevation and pressure heads, which corresponds to the
hydraulic head commonly used in hydrogeology [Freeze and Cherry, 1979]. The hydrodynamic component
is the sum of velocity head and hydrodynamic pressure head resulting from the flow field, which is impor-
tant at bed form scales [Sawyer and Cardenas, 2009]. Using Darcy’s law, the exchange fluid flux q (LT�1),
which is the volume of water flowing through a unit area of streambed per unit time, is obtained by multi-
plying the hydraulic head gradient ∇H (LL�1) by the hydraulic conductivity of the streambed K (LT�1):

q ¼ K∇H

The magnitude of fluid exchange between the surface and subsurface is therefore directly proportional to
the hydraulic conductivity of the streambed, defined as [Freeze and Cherry, 1979]

K ¼ kρg
μ

where k (L2) is the intrinsic permeability of the streambed, ρ and μ are the density (ML�3) and dynamic
viscosity (ML�1T�1) of water, respectively, and g is the gravitational constant (LT�2). Variations in the water
temperature and salinity therefore affect the streambed hydraulic conductivity. For the sake of simplicity,
we assume here constant water viscosity and density such that permeability and hydraulic conductivity
are related by a constant.

The streambed permeability depends on the grain size distribution (GSD) of sediments within the
streambed [Agency, 2009; Arya et al., 1999b; Rosas et al., 2015]. Also, there is a link between the GSD
and porosity of a sediment mixture [Ouchiyama and Tanaka, 1986]. However, obtaining porosity from
the GSD alone is challenging because porosity is also related to the geometrical arrangement, or packing,
of the individual grains forming the sediment. Any changes to the sediment composition of the
streambed will modify its permeability, and therefore its hydraulic conductivity, and affect the exchange
through the streambed. In addition, the GSD influences the stability of the streambed [Bartzke and Huhn,
2015], which can promote its erosion.

The physical properties of the streambed, including the hydraulic conductivity and porosity, affect surface
water-groundwater exchanges across different spatial scales, from the catchment (>106m2), stream reach
(~106m2), and meanders (~103m2) down to the bed form dunes scale (<10�1m2) [Boano et al., 2014]. A
considerable amount of research dedicated to small-scale controls of the hyporheic zone exists [e.g.,
Harvey and Bencala, 1993]. Elliott and Brooks [1997] presented a conceptual study of the drivers for small-
scale hyporheic exchange, which they verified in flume experiments. They observed patterns of hyporheic
exchange fluxes for different streambed topography types, including ripples and riffle-pool sequences.
They show that water flowing around and over topographical obstacles generates high pressures upstream
of the obstacle and low pressures downstream. The pressure difference across the obstacle creates a hydrau-
lic gradient that induces hyporheic flow through the subsurface, which they labeled bed form induced
pumping. The role of hydrologic variability in driving streamflow has also been recently examined by
[Schmadel et al., 2016], who conclude that spatial and temporal fluctuations of the hydraulic gradient in
the hyporheic zone can be as important as the geomorphic features of streams in driving hyporheic flow.

Knowledge of the spatial and temporal variability of the streambed hydraulic conductivity is critical for
quantifying variations in hyporheic exchange as well as stream-aquifer interactions at a larger scale.
Salehin et al. [2004] showed in flume experiments that the heterogeneity of hydraulic conductivity
increases the average hyporheic exchange flux but at the same time results in a shallower hyporheic zone.
The heterogeneity of hydraulic conductivity in the streambed has been identified as a critical parameter
for hyporheic exchange and stream ecology [Boulton et al., 1998]. Therefore, the impetus for
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understanding spatiotemporal patterns of the streambed and the processes that drive them is clearly
necessary for understanding surface-subsurface exchanges. The reader is referred to Boano et al. [2014]
for a comprehensive review of hyporheic flow processes and a detailed discussion of the importance of
streambed hydraulic conductivity on hyporheic exchange.

There is an intrinsic link between a streambed’s hydraulic properties and its sedimentary composition.
Transient and complex erosion and deposition processes shape the sedimentary composition of streambeds.
These processes have received attention for the last century in the fields of fluvial geomorphology and
sedimentology [Garcia, 2008]. Erosion and deposition are a function of the stream power and are therefore
linked to streamflow generation and depletion processes (see Tutorial 2).

Given that the hydraulic properties of streambeds are of pivotal importance to SW-GW interactions, and that
sedimentological processes control these properties, a holistic understanding of SW-GW interactions must
include aspects of sedimentology. One would also expect close interactions and common conceptual models
between studies of SW-GW interactions and studies of the dynamics of streambeds. However, as this review
demonstrates, this is not currently the case.

In this review, we explore the feedback mechanisms between sedimentological processes and SW-GW interac-
tions and critically review the current extent to which these fields of research interact and are coupled. We
assess this interaction by reviewing the conceptual and numerical models in both fields. This review demon-
strates that feedback and coupling between sedimentology, hydrology, and hydrogeology remain largely unex-
plored, poorly understood, underdeveloped, and semiquantitative or qualitative at best. We, therefore, propose
a union of hydrological processes (including streamflow generation processes in the surface and subsurface)
and stream morphological models as an extension of the Freeze and Harlan [1969] blueprint to both couple
these disparate areas and to provide a critically needed quantitative basis for scientific analyses. The extensions
proposed capture topographical and near-surface property dynamics of streambeds while accounting for the
feedbackswith SW-GWexchanges. This paper focuses on the development of a conceptual blueprint framework
for coupled modeling of sedimentology, hydrology, and hydrogeology in streambeds. To guide future model
development, we provide one possible mathematical formulation for this coupled framework. The subsequent
development, implementation, and application of the model itself remain a significant and detailed task in its
own right. This is beyond the scope of the current review and framework formulation paper. This paper is there-
fore deliberately strategic and conceptual in nature and thus treats this topic at a higher philosophical level.

The newly proposed blueprint provides the conceptual and quantitative basis for numerous scientific and
technical applications. As groundwater scientists working in SW-GW interaction studies, including model
development and application, our primary motivation for this work was catalyzed by studies of SW-GW inter-
action at the regional scale. It is clear that many spatially distributed models are now available for studying
SW-GW interaction at the regional scale. What is also readily apparent is that the treatment of the
streambed—the ultimate connection between surface water in a stream and groundwater—is generally
trivialized or simplified, poorly understood, or largely ignored. Quantifying the role of the streambed (and
associated streambed dynamic processes) in coupled SW-GW interaction processes remains an open
scientific question. To support this scientific understanding requires quantitative modeling tools capable of
simulating the fully coupled sedimentological-hydrological-hydrogeological processes at appropriate
(regional) scales. This in turn will provide a rigorous scientific basis for informing conceptual and numerical
modeling choices—such as the level of simplicity or complexity required to provide answers to specific
questions at specific spatial and temporal scales.

Suchmodels are anticipated to have significant and wide-ranging applications across SW-GW interaction and
streambed problems. For example, quantifying feedback mechanisms is expected to help in river restoration
projects. In current engineering practice, river restoration focuses mainly on the horizontal dimension
[Boulton, 2007] without adequately integrating the dynamics of the streambed. Another example is the trans-
port and fate of contaminants. Fine sediments play a crucial role in the attenuation and transport of nutrients
[Owens et al., 2005] and micropollutants [Luo et al., 2014]. Although numerous studies exist on the advective
transport of pollutants and nutrients through GW and SW, there remainmany open scientific questions about
the implications of SW-GW exchange on fine sediments and the associated transport of nutrients and
pollutants. At a catchment scale, the model can also provide important information on the partitioning of
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precipitation into SW and GW. While the small-scale processes at the interface between the subsurface and
the surface are not important for a catchment’s water balance on an annual basis, they are expected to be
important for rainfall partitioning into SW and GW which has profound implications for water quality and
the timing of the event hydrograph. The discussion provides an outline of further opportunities for the appli-
cation of such a hydrological-hydrogeological-sedimentological model.

2. Streambed Dynamics in Relation to Hydraulic Properties

Because of the intrinsic link between the hydraulic properties of sediments and their composition, sedimen-
tological processes that modify the composition of a streambed also modify the hydraulic properties at the
sediment-water interface [Genereux et al., 2008]. These sedimentological processes give rise to complex spa-
tial patterns of streambed hydraulic conductivity [Chen, 2011; Chen et al., 2009; Cheng et al., 2011; Cheng
et al., 2013; Dong et al., 2012]. Sedimentological processes are transient, and the hydraulic properties of
streambeds are therefore variable in time. On the most basic level, sediments are deposited during low flow
periods andmobilized during high flow events. A wide range of literature on the physics of sediment trans-
port is available, and various textbooks dedicated to this subject exist [e.g., Garcia, 2008]. In the simplest
terms, the empirical Hjulstrom curves [Hjulstrom, 1935] are used to determine whether a particle is trans-
ported, eroded, or deposited, depending on its size and the stream velocity. Brunke [1999] distinguishes
between different types of erosion and sedimentation dynamics. During periods of low flow velocities,
suspended sediments can settle on the top of the streambed, leading to clogging and reduction of the
streambed hydraulic conductivity (a process known as external colmation). External erosion and deposition
take place at the streambed surface and also affect streambed topography [Blaschke et al., 2003]. Brunke
[1999] further highlights that fine sediments that pass through the top layer (termed the armor layer) can
accumulate beneath it, leading to internal colmation, or pass deeper into the bed (termed depth filtration)
[Evans and Wilcox, 2014]. While internal colmation and depth filtration do not modify the topography of the
streambed, they cause changes to the streambed sedimentary composition.

A branch of sedimentology has focused on the effect of upwelling and downwelling water on the erosion and
deposition of sediments (see Figure 1) [e.g., Baldock and Nielsen, 2010; Francalanci et al., 2008]. Lu et al. [2008]
review laboratory studies on the effects of suction (downwelling water) and injection (upwelling) with
respect to sediment transport and bed shear stress and report mixed results in the literature. The majority
of researchers found that upwelling increases sediment transport and bed erosion and that downwelling
inhibits sediment transport [e.g., Cheng and Chiew, 1999; Lu et al., 2012]. Rosenberry and Pitlick [2009b] have
shown through laboratory experiments that the direction of flow in sediments can have a significant influ-
ence on the hydraulic properties of the streambed. They measured hydraulic properties in upwelling and
downwelling zones and found that the seepage direction has a clear influence on the hydraulic properties
of the streambed. In the field, areas of downwelling in streams have been shown to have lower hydraulic con-
ductivities than that in upwelling areas of streams [Chen et al., 2013]. Because upwelling and downwelling
can occur over small spatial scales (10�2m), these mechanisms have the potential to play a significant role
in the deposition of fine sediments. Hyporheic exchange at the meander scale (~10m) can also drive sedi-
mentological changes in the subsurface, as was documented by Nowinski et al. [2011].

Upwelling and downwelling effects have also been observed and studied in fields other than sedimentology.
Stream ecologists have repeatedly shown that stream water infiltrates the subsurface (downwelling), mixes
with groundwater, and re-enters the stream (upwelling) [Boulton and Hancock, 2006]. Brunke and Gonser
[1997] and Schälchli [1992] documented that in the zones of upwelling groundwater, no sedimentation, or
clogging takes place (Figures 1b and 1d). The clogging of streambeds has also been examined in the context
of bank filtration [Goldschneider et al., 2007; Schubert, 2002].

Apart from hyporheic exchange and its critical role in redistributing fine sediments in the streambed, floods can
also alter the sedimentary composition and therefore the hydraulic properties of the streambed. Numerous
field studies observed changes of up to 2 orders of magnitude of hydraulic conductivity between flood events
[Genereux et al., 2008; Hatch et al., 2010; Rosenberry and Pitlick, 2009a; Schubert, 2002; Springer et al., 1999]. These
studies identified transience in hydraulic conductivity by directly measuring a time series of hydraulic conduc-
tivity in the streambed using falling head permeameter tests, thermal methods, or pumping tests. In another
study,Wu et al. [2015] measured the hydraulic conductivity of a streambed at more than 400 locations and iden-
tified statistically significant differences before and after the flood season. After the flood season, the mean and
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median hydraulic conductivity of the streambed decreased, and its variance increased indicating greater
heterogeneity in the grain size distribution of the sediments forming the streambed. Gianni et al. [2016]
presented a new approach that allows the detection of transience in hydraulic conductivity of the streambed
based on time series measurements of stream stages and the hydraulic response in the aquifer. At their study
site, an increase of one order of magnitude of hydraulic conductivity was observed after floods, as well as
during periods where the stream drained the aquifer (as opposed to infiltrating it). They hypothesized that
groundwater discharging to the stream remobilized the fine sediments from the streambed.

Hydrological processes such as hyporheic exchange, SW-GW interactions, and flood events therefore affect
streambed sedimentary composition and therefore also affect streambed topography and hydraulic
conductivity. These two physical characteristics of the streambed affect hyporheic exchange and SW-GW
interactions (Tutorial 1). The deposition and erosion of sediments influence the streambed topography,
which in turn influences the stream flow [Simpson and Castelltort, 2006]. An average change to hydraulic
conductivity of one order of magnitude modifies the exchange rates between the surface and the
subsurface by one order or magnitude, triggering complex feedback mechanisms between hydrological,
hydrogeological, and sedimentary processes.

3. Mathematical Models of Surface Flow, Subsurface Flow, and Their Coupling
in Catchment Hydrology

Freeze and Harlan [1969] presented a blueprint for the simulation of coupled surface water flow and ground-
water flow processes in a catchment. They proposed a physically based approach that described flow using
Darcy’s law and the equation of mass continuity for the saturated and unsaturated zones. This approach
accounts for changes in hydraulic conductivity in the unsaturated zone in response to a changing degree
of saturation. The Saint-Venant equations are used to describe surface flow [Barré de Saint-Venant, 1871].
Figure 2 presents the processes included in the Freeze and Harlan [1969] approach, which includes the typical
catchment processes described in Figure T2.1. The primary input to the model, precipitation, is redistributed

Figure 1. (a and c) Simplified representation of upwelling and downwelling groundwater and (b and d) the difference
between internal and external sediment erosion and deposition processes. The lengths shown in Figure 1a are the
elevation of the water in the stream (zWL), the depth of water in the stream (h), the thickness of the streambed (zbed), the
elevation of the streambed (η), and the elevation of the bottom of the active streambed (ηr).
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in the various compartments of the catchment depending on the surface water and groundwater flow
domain properties as well as evapotranspiration. The approach, therefore, allows the simulation of
streamflow generation and depletion processes described in Tutorial 2.

Tutorial 2: Streamflow Generation Processes, Groundwater, and Sediment
Transport

Streamflow generation processes describe the translation of precipitation to streamflow. These processes
develop in response to precipitation as well as in relation to various catchment characteristics such as geol-
ogy, topography, antecedent conditions, vegetation, or the drainage structure of the catchment. Figure
T2.1 shows the different types of streamflow generation processes and streamflow depletion processes.

Figure T2.1. Overview of the most important streamflow generation and depletion processes.

Figure 2. Hydrological processes captured in the Freeze and Harlan [1969] blueprint that apply across a range of spatial
scales from the hillslope (~103m2) through to the whole catchment (>106m2). The interactions between the surface
and subsurface are governed by the permeability at their interface which is treated as static.
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Freeze [1974] and references therein provide a detailed description of these processes and their
corresponding classical mathematical models; also, see Beven [2006] for an excellent selection of key
papers focused on the experimental quantification of these processes. Quantifying the various streamflow
generation mechanisms as well as their dynamics is the basis for predicting the hydraulic response of a
catchment to rainfall [Partington et al., 2011; Partington et al., 2013].

Groundwater plays a major role in generating and maintaining stream flow [Winter, 2007]. Whether a
stream is draining or infiltrating an aquifer depends on the stream’s stage and the hydraulic head in the
groundwater. As streamflow generation processes alter both the hydraulic heads in streams and ground-
water, they ultimately control the spatial and temporal dynamics and patterns of surface water‐ground-
water interactions across a catchment, as well as the streamflow hydrograph.

Streamflow generation processes (in particular overland flow) influence the sediment supply to a stream
[Zi et al., 2016] and the catchments overall sedimentary budget [Huang and Niemann, 2008]. Groundwater
has long been recognized as a geomorphic agent [Atkinson, 1985], and streamflow generation processes,
therefore, influence the dynamics of the streambed, triggering feedback mechanisms between hydro-
geology and sedimentology. A quantitative understanding of how these processes interact and how
the different spatial scales involved influence these feedback mechanisms is lacking.

The Freeze and Harlan [1969] blueprint remains the basis for the development of a large number of inte-
grated surface and subsurface hydrological flow models. Examples of such models include the Integrated
Hydrology Model [VanderKwaak and Loague, 2001], CATchment HYdrology model (CATHY) [Camporese
et al., 2010], MODFLOW based Hydrologic Modeling System (MODHMS) [Panday and Huyakorn, 2004],
GEOtop [Rigon et al., 2006], HydroGeoSphere [Therrien et al., 2010], ParFlow [Kollet and Maxwell, 2006], finite
volume-based integrated hydrologic modeling [Kumar et al., 2009], Criteria-3-D [Bittelli et al., 2010],
OpenGeoSys [Delfs et al., 2012], and the model presented by Weill et al. [2009]. These models simulate
3-D variably saturated subsurface flow with Richards’ equation [Richards, 1931], coupled with either 1-D or
2-D surface water flow using the Saint-Venant equations or simplifications of these. The exchange between
the surface and subsurface is described either by a Darcy type relationship, with fluid flux depending on the
hydraulic conductivity of the interface material between the surface and subsurface as well as the hydraulic
gradient across the interface [Therrien et al., 2010], or by a switching boundary condition [Camporese et al.,
2014]. These models are often referred to as distributed models because they rely on numerical techniques
such as finite differences or finite elements that allow a spatially variable representation of the physical
properties of the surface and subsurface. The reader is referred to Paniconi and Putti [2015] for a detailed
review of the historical development and current capabilities of integrated surface and subsurface
hydrological models.

Current challenges regarding flow simulations using integrated surface and subsurface hydrological models
are discussed in Paniconi and Putti [2015] and Fatichi et al. [2016]. These challenges are also relevant for the
model blueprint presented here. One challenge relates to the nonlinearities of the surface-subsurface flow
processes simulated. These nonlinearities require that robust numerical methods, such as the Newton-
Raphson method, be used to linearize the governing flow equations. The performance of these linearization
methods often depends on the level of discretization, which must be fine enough to correctly capture the
flow processes [Kaeser et al., 2014]. The temporal scales for surface and subsurface flow are also different, with
more rapid surface flow, and they also create challenges in the choice of temporal discretization. Paniconi and
Putti [2015] mention challenges associated with the representation of surface and subsurface heterogeneities
in integrated models, including the upscaling of subgrid heterogeneities. The representation of the flow
coupling between the surface and subsurface domains is also an area of interest and current research.

Because they represent the main flow processes in a catchment or watershed, integrated surface and subsur-
face hydrological models are often applied at a large scale (>106m2) [Paniconi and Putti, 2015]. Although
they can account for a heterogeneous distribution of subsurface properties, the spatial discretization for
large-scale simulations is often too coarse to represent small-scale streambed heterogeneity, which is at
the scale of centimeters to meters. For large-scale simulations, streambeds are therefore typically assumed
to be homogeneous [e.g., Goderniaux et al., 2009]. Although Kollet et al. [2010] did not focus on water
exchange in streambeds, they proposed a methodology based on parallel computing that would allow
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representation of small-scale streambed heterogeneity for large-scale simulations, thus opening possibilities
for more detailed large-scale simulations.

The finer spatial discretization used for smaller-scale studies, for example, at the reach scale (<103m2), allows
for a more detailed representation of streambed heterogeneities. In one example, Boano et al. [2010] linear-
ized the surface and subsurface flow equations to develop an analytical solution to simulate water exchange
between the surface and subsurface in a meandering stream. An assumption of homogeneous subsurface
sediments was required to obtain the analytical solution. They acknowledge that it is the most critical
assumption for their model and state that “increasing our understanding of the factors that control
streambed heterogeneity will be a crucial issue in future hyporheic zone research”. Other numerical studies
of the impact of streambed heterogeneity on fluid exchange at the interface between surface and subsurface
include Cardenas et al. [2004], Frei et al. [2009], Irvine et al. [2012], Kurtz et al. [2013], and Tang et al. [2015].
Most of these studies suggest that in quantifying SW-GW exchange, an appropriate equivalent homogeneous
streambed can replace a heterogeneous one. However, Irvine et al. [2012] show that this representation holds
only as long as the hydraulic connection (i.e., losing connected or losing disconnected [Brunner et al., 2011])
between a stream and an aquifer does not change. An equivalent homogeneous streambed determined for
connected conditions correctly represents the heterogeneous streambed if connected conditions prevail, but
not if the stream and aquifer become hydraulically disconnected and vice versa.

In the studies mentioned above, the streambed was assumed to be spatially heterogeneous; however, it was
also a static entity without any temporal changes.While streambed dynamics have not traditionally been a focus
for hydrological/hydrogeological modelers, these dynamics are central to stream morphodynamic models.

4. Mathematical Models of Fluvial Geomorphology/Sedimentology

There has been the development of a very wide range of numerical models simulating erosion and deposi-
tion processes in and around streambeds. While models differ significantly in terms of processes considered
and their conceptualization, the key components of all morphological models of the streambed are a fluid
flow model and the sediment continuity equation (e.g., Exner equation [Paola and Voller, 2005]), and submo-
dels describing erosion, deposition, and transport of sediments. Figure 3 shows a possible structure of a sedi-
mentological model and lists the erosion and deposition processes that are typically simulated. Surface flow
is the primary driver for such models, with surface-subsurface exchanges typically ignored. An excellent over-
view of the one-, two-, and three-dimensional models available, as well as an in-depth discussion on their
applicability to different fluvial and sedimentological conditions, was provided by Papanicolaou et al. [2008].

Sedimentary models differ in the way they describe the sedimentary composition. Recently, the journal
Advances in Water Resources dedicated a special issue on “Numerical modelling of river morphodynamics:
Latest developments and remaining challenges” [Siviglia and Crosato, 2016]. In the editorial summarizing
the special issue, a key limitation is highlighted: “The majority of sedimentological models simulating reach
scale morphodynamic processes use homogeneous sediments.” As has been discussed in Tutorial 1, the
hydraulic conductivity of the streambed is related to its grain size distribution. Simulating the transience of
hydraulic conductivity, therefore, requires sedimentological models capable of simulating sediment mixtures
and classes and their distribution in the streambed.

Stecca et al. [2016] summarizes the basis of models simulating sediment mixtures as follows: “The mathema-
tical description of mixed-sediment morphodynamics is based on proper sediment continuity models,
relating bed load transport to the size of sediment available at the bed surface, and keeping track of the
development of size stratification within the bed.” According to these authors, the first models capable of
simulating different sediment classes were developed by Hirano [1971] and Hirano [1972] with the resulting
system of partial differential equations referred to as the Saint-Venant-Hirano model [Stecca et al., 2016].
Numerous models and numerical approaches have been developed based on these equations, including
Stecca et al. [2016], Viparelli et al. [2010], and de Almeida and Rodríguez [2011] who developed an unsteady
1-D flow morphology and bed-sorting model to simulate pool-riffle morphodynamics.

These recent studies demonstrate considerable advances regarding the simulation of streambed dynamics
under consideration of different sediment classes. To the best of our knowledge, however, the current sedi-
mentological models do not consider patterns of upwelling groundwater and infiltrating stream water that
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results from the large- and small-scale hydrogeological conditions (see Tutorial 2). The next section discusses
implications for a holistic simulation of streambed dynamics.

5. Are Current Models of Coupled Sedimentology, Hydrology, and Hydrogeology
Adequate Given Their Intrinsic Link in Streambeds?

A simplified conceptual representation of interactions between flow and sediment transport processes is
shown in Figure 4. To the best of our knowledge, there are currently no conceptualized, formal, and quanti-
tative approaches that describe how SW-GW interactions (including both large-scale exchange as well as
smaller-scale hyporheic exchange) affect the deposition of sediments in streambeds nor how they might
be included in mathematical models of stream morphology and SW-GW interaction.

There is significant precedence for contemporaneous consideration of surface and subsurface flows in
scientific analyses. The joint consideration of surface and subsurface flows has proven crucial for the under-
standing of ecological processes [Banks et al., 2011; Boulton and Hancock, 2006; Boulton et al., 2010], hypor-
heic exchange across the stream-aquifer interface [Boano et al., 2014] or the biogeochemical significance
of stream corridors [Harvey and Gooseff, 2015], to mention just a few demonstrative examples.

Sediment transport models only consider surface water flow without explicit consideration of SW-GW
exchanges [Papanicolaou et al., 2008]. Furthermore, at larger scales, net stream-aquifer exchange fluxes can
have a large effect on total stream flow as well as water quality [Winter et al., 1998]. Because total flow rate
(stream discharge) is a key control of sediment transport processes, the inclusion of stream-aquifer
interactions on stream flowwould allow for a more comprehensive and realistic simulation of sediment trans-
port processes. This, in turn, would allow for more reliable estimates of SW-GW interactions in a flowmodel. In
current sedimentologicalmodeling approaches, however, discharge is commonly conceptualized as an inflow
boundary condition, and this is overly simplistic at larger scaleswhere SW-GW interactions stronglymodify the
totalflow. Furthermore, SW-GWexchanges across all scalesplay an important role in thedepositionoffine sedi-
ments. As fine sediments have a significant effect on the hydraulic properties of the streambed, complex feed-
back mechanisms between surface water, groundwater, and the sedimentary budget develop. Moreover,
water quality and nutrient load are influenced by SW-GW exchanges which can trigger further feedback
mechanisms with biofilms [Treese et al., 2009]. The entire system behavior is therefore both coupled and non-
linear with dynamic feedbacks in response to changes in either the sediment and/or hydrologic regime.

Despite the absence of SW-GW exchange fluxes in most conceptual models for sediment transport, there is a
body of evidence that this is a critical omission under certain conditions. For example, recent experiments on
turbulent surface flows at the bed form scale (10�2m) [Blois et al., 2014] demonstrate that stream-aquifer
exchanges play an important role in influencing the surface flow field and resulting shear stress at the
streambed which will in turn influence the erosion and deposition of sediments. At both the bed form and
reach scales, stream-aquifer exchange processes can be of critical importance. Neglecting them in stream
morphological models may, therefore, be inappropriate for some hydrological environments.

Figure 3. Example of a simplified conceptualization of a sediment transport model, showing links between flow and
sedimentation processes.
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Heppner et al. [2006], Warsta et al. [2013], Kim et al. [2013], and Zi et al. [2016] present examples of integra-
tion of sediment transport into hydrological models. In these models, coupled SW and GW models simulate
fluid flow, on top of which an advection-dispersion model simulates sediment transport. A 1-D stream sedi-
ment model capable of simulating feedback mechanisms between hydraulic conductivity and sediment
transport was constructed by Simpson and Meixner [2012]. This work showed that the inclusion of sedimen-
tological processes could lead to an order of magnitude change in the exchange flux between the stream
and aquifer system during a flood event and a doubling of the exchange flux after the event. However, as
sedimentary and erosion processes were driven by surface water flow only, feedbacks between surface and
subsurface processes were not included. Nonetheless, this study demonstrated the criticality of including
these coupled processes in models and provided early insights that a more routine coupling of flow and
sediment processes is required to understand the dynamics of hydrological systems (as outlined in
Figure 4).

Although some current physically based streamflow generation models can account for erosion and sedi-
mentation processes, they do not simulate the associated changes in hydraulic properties. Transient effects
and feedbacks cannot yet be understood nor quantified in the context of streamflow generation or hyporheic
exchanges. Further, because of the coupled and nonlinear nature of the physics involved in these processes,
it becomes difficult, if not impossible, to quantify such processes without the use of mathematical
modeling approaches.

On the basis of this literature review, one can reasonably conclude that current sedimentological, hydrological,
and hydrogeological models and currently existing coupled variations are necessary for solving a range of
important sedimentology, hydrology, and hydrogeology questions. However, the current state of these
coupled models is still critically deficient and therefore insufficient for advancing these disciplines, and
providing quantitative answers to fundamental scientific questions.

6. A Blueprint to Couple Surface-Subsurface Flow and Sedimentological Processes
and Models

By linking the conceptual models for hydrological and sedimentological processes outlined in Figure 2 (the
Freeze and Harlan [1969] blueprint) and Figure 3, respectively, a more comprehensive updated “blueprint” is
developed in Figure 5. In the following sections, we present quantitative approaches (where available) that
can be used to represent these processes mathematically.

The feedbacks between hydrological and sedimentological processes need to be captured through coupling
of the two models, similarly to the coupling of surface and subsurface flows. The flow solution accounts for
the changing elevation and permeability of the sediment interface, while the sediment transport solution

Figure 4. Capturing feedbacks between flow (including surface and subsurface flow) and sediment processes. The flow
solution informs the transport of sediments within the stream but is also dependent on the physical properties of the
streambed. Additionally, the nature of the exchange Q(t, x, y, η) will influence the deposition and erosion rates.
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considers how SW-GW interactions control the flow field. Multiple options for this coupling could be used,
including sequential, iterative, and full coupling. The latter is preferable to avoid errors by implicitly
capturing these feedbacks, but it is computationally more demanding. A first approach could be a
sequential iterative solution strategy, where for a given time step, the iteration loop involves solving first
the surface and subsurface flow equations and then the sediment transport equation. The streambed
elevation and permeability are then updated, and the iteration continues until convergence.

It becomes readily apparent in the development of the conceptual and mathematical framework that the
mathematical formulation presented here provides a demonstrative example only. A key driver for the for-
mulation presented here relates to the regional scale SW-GW interaction problems that motivated this ana-
lysis. Thus, the physics and mathematical formulation presented here are driven by this problem and driven
by this scale. We have aimed for a relatively general formulation. However, depending on both problem scale
and requisite physics, different physical and mathematical formulations will be required for solving different
problems. This exemplar framework and mathematical formulation presented here, therefore, provides a
guide for future model development but should not constrain it.

6.1. Flow Model

The incompressible Navier-Stokes equations are the most common fundamental description of water flow.
Solving these equations alone is challenging, but making several assumptions about the nature of surface
flows and subsurface flows [e.g., Neuman, 1977], allows description of a surface-subsurface flow model.
The level of assumptions varies, but for this extension to the Freeze and Harlan [1969] blueprint, we suggest
that it accounts for variably saturated flow in the subsurface and gradually varied unsteady flows on the
surface. It should necessarily handle boundary conditions of inflows and outflows to the system via natural
(rainfall, evapotranspiration, etc.) and anthropogenic (irrigation, GW pumping, etc.) mechanisms. The
mathematical formulation and assumptions for components of a surface-subsurface flow model (excluding
implementation of boundary conditions) are described below.

Figure 5. A simplified conceptualization of flow and sediment models and their interdependence. Flow processes on the surface and in the subsurface are
shown with a key control on exchange between the two being the land surface (its elevation (η) and hydraulic conductivity and porosity (Kbed, nbed)). The sediment
transport model is driven by both surface and subsurface flows and this conceptualization focuses on the aspects of sediment transport at the interface which
modify elevation, hydraulic conductivity, and porosity. The influence to the streambed of particular processes in the external and internal process boxes are shown
by their color, i.e., red = erosion and green = deposition, with the effect on the streambed indicated by the legend to the right of each of the boxes.
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6.1.1. Surface Flow
Surface flow in streams and over hillslopes can be represented with varying degrees of complexity ranging
from the more complex Reynolds-averaged Navier-Stokes (RANS), large eddy simulation (LES), and detached
eddy simulation (DES) flow equations, through to the simple kinematic wave equation. As noted earlier, our
primary motivation is SW-GW interaction at the regional scale. Thus, for the conceptual model presented
here, a suitable flow equation for a stream should account for unsteady flows at the reach or catchment scale,
which is achievable with the dynamic wave equations (also known as the Saint-Venant equations); points and
times of supercritical flow will exhibit higher velocities and turbulence making them more erosive than sub-
critical flows and will also affect SW-GW exchange fluxes. Note that flow equations with fewer assumptions
(e.g., the Navier-Stokes equations) could be implemented as well, which theoretically would allow
simulation of pore-scale processes in the streambed. For flow adjacent to the stream on hillslopes and across
plains a much simpler equation may be warranted, such as the diffusion wave or kinematic wave approxima-
tion. At the bed form scale, pressure distributions resulting from hydrodynamic pressures induced by undu-
lating bed forms [e.g., Janssen et al., 2012; Packman et al., 2004] are important for understanding hyporheic
flows; hence, the hydrodynamic component of flow cannot be ignored. In such cases, the more complex
RANS, LES, or DES needs to be solved to identify the upwelling and downwelling zones [Trauth et al., 2013].

At large scales (e.g., over whole catchments), the dynamic wave equations are capable of simulating
meander-scale hyporheic flows [e.g., Revelli et al., 2008]. Note that these equations do not include the vertical
component of flow and are not be suitable for bed form scale hyporheic flow [Gomez-Velez et al., 2014]. The
dynamic wave equations can be used to capture the depth-averaged flow accounting for local and convec-
tive inertial force, pressure gradient, and friction and weight, without oversimplifying the processes of
interest (both for flow and sediment transport):

∂h
∂t

þ ∇�hqsurf ¼ hΓexþ
X

Qs=s;surf continuityð Þ (1)

Dhqsurf

Dt
þ gh ∇�zWL � S� Sfð Þð Þ ¼ 0 momentumð Þ (2)

where h is the height of water above the surface (L), t is time (T), qsurf is the surface flow flux (LT�1), Γex is the
exchange between the surface and subsurface (T�1), Qs/s,surf (LT

�1) are source/sink terms (which can be posi-
tive or negative), zWL is the location of the water surface relative to a fixed datum (L), g is the gravitational
constant (LT�2), S is the slope vector (Sx,Sy), where Sx and Sy are the slopes of the surface in the x and y direc-
tions respectively (LL�1), and Sf is the friction slope vector (Sfx, Sfy), where Sfx and Sfy are the frictional slopes in
the x and y directions respectively (LL�1).

Using the equations above, the individual channels, or streams, can be represented in a large-scale
watershed model using one of two methods. The first method consists of refining the spatial discretization
of the surface in the neighborhood of streams. This method is used, for example, in the HydroGeoSphere
model, which solves the 2-D surface flow equation over the whole simulation domain, and it does not require
an exact definition of streams and channels a priori, but it requires small-scale resolution of the surface topo-
graphy. Given a sufficiently fine spatial discretization, the model will correctly represent the drainage net-
work, as streams will form in topographic depressions. Another method consists of solving the 2-D surface
flow equation over the whole simulation domain and to couple it to a 1-D surface flow representation of indi-
vidual channels or streams. That approach requires a priori definition and location of the drainage network to
build the 1-D elements, such as the approach used for example in the CATHY model. One advantage of this
approach is that it does not require as fine a spatial discretization near streams as the first method and can,
therefore, reduce the computational burden.
6.1.2. Subsurface Flow
Three-dimensional saturated and unsaturated flow through anisotropic heterogeneous porous media can be
described using the Richards equation [Richards, 1931] as follows:

�∇�qsub þ Γexþ
X

Qs=s ¼ ∂
∂t

θsSwð Þ (3)

where qsub is the subsurface fluid flux (LT-1), Γex is the exchange between the surface and subsurface, Qs/s are
source/sink terms (which can be positive or negative) (L3L�3T�1), θs is the saturated water content (L3L�3),
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and Sw is the water saturation of the porous media related to the water content θ (Sw= θ/θs).The fluid flux qsub
is defined as

qsub ¼�K�kr∇ ψ þ zð Þ (4)

where K is the hydraulic conductivity tensor (LT�1), kr is the relative permeability (�), ψ is the pressure head
(L), and z is the elevation above the datum (L).

The hydraulic conductivity tensor is defined as

K ¼ ρg
μ
k (5)

where ρ is fluid density (ML�3), g is the gravitational constant (LT�2), μ is the dynamic viscosity (ML�1T�1),
and k is the permeability tensor (L2).

Constitutive relationships are defined that relate pressure head to the saturation (Sw) and relative permeabil-
ity (kr) of the porous media. Common functions are the Brooks and Corey [1964] and van Genuchten
[1980] relationships.

Subsurface flow can also take place in other features such as fractures [Therrien and Sudicky, 1996] andmacro-
pores as well as through anthropogenic features such as tile drains. While of importance in many catchments,
these flow paths are beyond the focus of this particular review.
6.1.3. Surface-Subsurface Exchange and Boundary Conditions
Flow across the surface-subsurface interface can be simulated using sequential, iterative, and coupled
approaches [Furman, 2008]. Depending on the surface and subsurface flow equations solved, flow across
the interface can be represented by assuming continuity of pressure [Therrien et al., 2010], first-order
exchange [Ebel et al., 2009], and boundary condition switching [Camporese et al., 2014].

Hydrological systems are driven by the complex forcing of rainfall and evapotranspiration [Katul et al., 2012;
Sprenger et al., 2016]. Rainfall and evapotranspiration (ET) can be handled spatiotemporally using a
Neumann-type boundary condition. Interception of rainfall is handled empirically with a finite storage capa-
city after which point throughfall occurs. Actual ET is typically calculated from potential ET. Numerous
approaches [e.g., Kristensen and Jensen, 1975] are available to estimate actual ET based on climatic forcing
and the state of the system [e.g., Katul et al., 2012; Sprenger et al., 2016]. Lateral subsurface boundaries repre-
senting groundwater flows at the extremities of the model domain can be represented using Dirichlet- and
Neumann-type boundaries for specified heads and/or fluxes. Direct anthropogenic forcing via irrigation,
detention basins, stream extractions, and groundwater pumping/injection can also be represented using
Dirichlet-, Neumann-, and Cauchy-type boundary conditions.
6.1.4. Boundary Shear Stress
It is necessary to estimate boundary shear stress from surface flows at the surface-subsurface boundary to
determine whether erosion occurs or not, as a shear stress above the critical shear stress for particular
sediments is required to entrain sediments. Resistance to flow occurs across a range of scales, which can
be categorized by grain resistance, bed load resistance, bed form resistance, bar resistance, and bank and
planform resistance [Dietrich and Whiting, 1989]. For the case of grain resistance, and assuming steady
uniform flow conditions, the following relation can be used for approximating streambed boundary shear
stress [Dietrich and Whiting, 1989]:

τ ¼ γhS (6)

where τ is the shear stress at the surface-subsurface interface (ML�1T�2), γ is the specific weight of the fluid
(ML�2T�2), and S is the slope (LL�1).

6.2. Sediment Transport and Sedimentological Model

The key components of a geomorphological model of the streambed are the driving fluid flowmodel and the
sediment continuity equation (such as the Exner equation) and submodels describing erosion, deposition,
and transport of sediments [Paola and Voller, 2005]. The treatment of erosion, deposition, and transport of
sediments usually depends on the dominant sediment sizes and can include all or only some of dissolved,
suspended and/or bed loads. The sediment load can be classified using the Rouse number [Rouse, 1937],
which relates the settling velocity to the shear stresses on the sediment from the flow. Vegetation also
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plays an important role in the geomorphological processes [Camporeale et al., 2013; Ruiz-Villanueva et al.,
2016] by stabilizing floodplains and banks; however, accounting for a vegetation model that incorporates
the complex processes associated with both live and dead vegetation is beyond the scope of this blueprint.

Sediment transport within the stream must account for both the mostly immobile (streambed) and mobile
sediments (in-stream). The sediment mass balance for the stream and subsurface sediments can be
described using a form of the Exner mass balance equation, described in equations 14 and 15 of Paola and
Voller [2005], (also refer to Figure 1a):

Stream :
∂
∂t
∫
zWL

η αfdz þ ∇!Hϕ
!

f þΩout ηð Þ �Ωin ηþ zWLð Þ � ∫
zWL

η Γfdz ¼ 0 (7)

Subsurface : ∫
η

ηr

∂αs
∂t

dz þ αs ηð Þ ∂η
∂t

� αs ηrð Þ ∂ηr
∂t

þ ∇!Hϕ
!

s þΩout ηrð Þ �Ωin ηð Þ � ∫
η

ηr
Γsdz ¼ 0 (8)

where zWL is the elevation of the stream surface relative to the datum (L), η is the streambed elevation relative
to the datum (L), ηr is the elevation of bottom of the streambed sediments (L), αf and αs are the sediment den-

sities in the stream and subsurface respectively (ML�3), ∇!H is the horizontal divergence operator ∂
∂x ;

∂
∂y ; 0

� �
,

ϕf and ϕs are the horizontal vector mass sediment fluxes per unit width in the stream (i.e., bed load, sus-
pended load and wash load) and subsurface respectively (ML�1T�1), Ωout(η) is the sediment exchange flux
per unit area over the interface between the stream and subsurface (ML�2T�1), Ωin(zWL) is the sediment
exchange flux per unit area of the water surface boundary (ML�2T�1), Ωout(ηr) is the sediment exchange flux
per unit area of the bedrock interface (ML�2T�1), and Γf and Γs are the rate of sediment production or
destruction in the stream and subsurface, respectively (ML�3T�1). The elevation of the bottom of the
streambed sediments ηr is assumed to correspond to the lowermost elevation where sedimentological
processes occur. For example, it could be the interface between the more permeable streambed sediments
and a less permeable geological unit, such as bedrock.

Equations (7) and (8) can be simplified by making the following assumptions and modifications:

1. There is no production or destruction of sediments in the stream or subsurface; therefore, the last terms in
equations (7) and (8) can be removed.

2. The elevation of the bottom of the streambed ηr is assumed to be constant because, for the timescales
considered, sedimentological processes are assumed to be very slow and negligible below that elevation;
therefore, the third and fifth terms in equation (8) can be removed.

3. Because of the relatively slow sedimentological processes, horizontal sediment flux in the subsurface
relative to the stream horizontal sediment flux can be ignored; thus, the fourth term from equation (8)
can be removed.

4. Using the average sediment density in the stream and an average sediment density in the subsurface, the
first terms of equations (7) and (8) are simplified.

5. Because of averaging the sediment density, only a small thickness (i.e., the streambed) is considered.
6. The third term in equation (7) and the sixth term in equation (8) describing sediment exchange between

the stream and subsurface are equivalent and are herein referred to as Ωexch.

These assumptions and modifications allow equations (7) and (8) to be simplified to

Stream :
∂hαf
∂t

¼ �∇!Hϕ
!

f þΩin zWLð Þ �Ωexch (9)

Streambed :
∂zbedαs

∂t
¼�αs ∂η∂t þΩexch (10)

whereαf and αs are the averaged sediment density in the stream (of thickness h) and streambed (of thickness
zbed), respectively.

The streambed mass balance equation can be rewritten in terms of volumetric balance. The grain size distri-
bution of sediments is split into i discrete classes and divided by the average density of the sediments in class
i, yielding i equations of the form:
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Streambed :
∂Fbed;i
∂t

¼ �Fbed;i
zbed

∂η
∂t

þ Ωexch;i

zbedρbed;i
(11)

where Fbed,i is the fraction of sediment class i in the streambed (L3L�3) and ρbed,i is the average density of
sediment class i (ML�3).

The sediment mass flux Ωexch,i for sediments in class i across the surface-subsurface interface is dependent
on the stream flow, whether there is upwelling or downwelling, the sizes of the sediments, and whether
erosion or deposition is dominant. This exchange will comprise an external and internal component:

Ωexch ¼
XI
i¼1

Ωexternal;i þΩinternal;i
� �

(12)

whereΩexternal,i is driven by surface flow (qsurf),Ωinternal,i is driven by the stream-streambed exchange, which
in turn is driven by surface-subsurface exchange flow (Γexch), and I is the number of classes. The internal
exchange flux Ωinternal,i modifies the streambed sediment concentration of sediment class i.

The internal processes account for mass changes in the subsurface which will influence sediment density and
hence porosity (nbed) and hydraulic conductivity (Kbed). Assuming that the internal processes are restricted to
only the uppermost part of the subsurface (zbed), this can be done by considering a fixed volume Vbed
(∂x∂yzbed) of the subsurface adjoining the surface-subsurface interface.
6.2.1. Sediment Erosion and Deposition
A key component of the proposed model is in the partitioning of sediment erosion/depositional processes
occurring on the bed surface and from within the bed, and there are still challenges ahead therein. This is
a very complex process that is dependent on (1) the nature of the SW-GW exchange (upwelling or downwel-
ling) and (2) the composition and structure of the streambed, in particular, the grains size distribution, pore
geometry (cross-sectional area along the direction of flow), and pore volume. In the case of downwelling, the
pore geometry and volume will control the capacity of the streambed to internally capture sediments, with
only stream sediments smaller than the pore openings able to enter the streambed. In the case of upwelling,
the flow rate and internal critical shear stress for each of the sediment classes will determine the transport of
sediments out of the streambed. As upwelling flow rates are normally very small compared to stream flow, it
follows that the shear stress on the sediments generated in the pore spaces is also very low. Hence, transport
of sediments out of the streambed due to seepage would only occur for very fine sediments [Martin, 1970].
This upwelling will also be of importance for the deposition of very fine sediments, as upwelling will prevent
deposition of the fines when the velocity of upwelling pore water exceeds the fall velocity of the sediment.

The sediment exchange drives changes to streambed topography as well as its physical properties.
Entrainment of the bed sediment into the stream is dependent on the transport capacity of the stream. It
is also dependent on the critical shear stress for the different sediments on the bed surface, and an approach
similar to Stecca et al. [2016] that utilizes an active layer could be applied. The external removal and delivery
of sediment (Ωexch) to the streambed along with the movement of sediment in-stream and the external
delivery of sediment to the stream from overland areas is covered in the following section. Internal sediment
processes associated with surface-subsurface flow exchanges is covered in section 6.2.3.
6.2.2. Stream and Overland Flow Driven Sediment Transport
Streamflow driven sediment transport is considered for a range of explicit sediment sizes by splitting up the
sediments into discrete size classes. The equation for in-stream sediment transport can be obtained by
rewriting equation (9) in terms of volumetric fraction of sediments and assuming vertically uniform distribu-
tion of sediments. The equation for transport of each sediment class i can be written as

∂Fstr;i
∂t

¼�∇�aiFstr;iqsurf þ
1
Vw

XBC
j¼1

qbj F
�
strj ;i

 !
�Ωexch;i

hρstr;i
(13)

where Fstr,i represents the in-stream sediment fraction for sediment class i (L3L�3), ai is a retardation coeffi-
cient for each sediment class i to account for sediments advecting slower than the stream flow speed (�)
(i.e., for rolling, sliding, and saltating sediments), Vw is the water volume of interest ∂x∂yh (L3), Ωexch,i repre-
sents the sediment exchange for sediment class i in the streambed, BC represents the number of inflow
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boundary conditions applied, qj
b is the flow from boundary condition j (L3T�1), and F�strj ;i is the sediment frac-

tion in the inflowing water from boundary condition j for sediment class i (L3T�1), andρstr,i is the average den-
sity of sediment class i in the stream (ML�3).

A number of models exist for the treatment of overland flow sediment transport, and the same model as
used for in-stream sediment transport could be applied, but also accounting for rain splash-driven erosion
[e.g., Ran et al., 2007] in the external sediment exchange term (Ωexternal). Other models exist like the
Hairsine-Rose model [Hairsine and Rose, 1992a, 1992b] that analytically captures erosion due to sheet or rill
flow, which could also be included.
6.2.3. Modification of Streambed Properties Through Internal Streambed Processes
Internal deposition or filtration during downwelling is a process that typically only occurs for finer-grained
sediments (Ωinternal) but is a function of both the influent sediment diameter and the pore space opening
area, so it is also theoretically possible for larger sediments. The result will be no or negligible changes to
bed elevation η, but it will result in a decrease both in porosity nbed and conductivity Kbed. This process is
a function of the hydraulic gradient, stream sediments, and grain size distribution (GSD) of the streambed
[Schälchli, 1992].

Internal erosion due to upwelling is another complex process in which there are no changes to streambed
elevation, but an increase in nbed and Kbed. No quantification of such processes appears to exist in the litera-
ture for natural systems, although there is significant literature in water treatment engineering, where back-
washing of porous media filters is carried out. However, backwashing requires fluidization of the near
homogeneous filter material which is typically not found in natural settings. A conceptual approach that
relates the pore velocity in the upwelling zone to a shear stress which shifts the streambed sediments needs
to be applied.

As previously stressed, the intrinsic link between the hydraulic properties of streambeds and their sedimen-
tary composition has been studied for decades [Alyamani and Şen, 1993; Krumbein and Sloss, 1951; Vukovic
and Soro, 1992]. More recently, improved characterization of sediments structures and pore-scale numerical
modeling [Narsilio et al., 2009] have been used to develop relationships between grain size and permeability
of soils. To define a relationship between the GSD, hydraulic conductivity (i.e., K(GSD)), and porosity (i.e., n
(GSD)), it can be assumed that the distribution of sediments is homogeneous while averaging over the
thickness of the streambed zbed and neglecting the packing arrangement of sediments. The value of K can
be calculated using a range of pedotransfer functions (see methods in Rosas et al. [2015]); however, due to
its use of the full GSD, a more appropriate approach may be that applied by Simpson and Meixner [2012],
which made use of the pedotransfer function of Arya et al. [1999a]:

K θið Þ ¼ cϕe

π

XN

j
R x�2ð Þ
j wj 0:667en

1�αjð Þ
j

� �x�2
2

(14)

where θi is the water content (L3L�3), c is a fitting parameter, ϕe is the effective porosity, Rj is the mean par-
ticle radius of the jth fraction (L),wj is mass fraction, solid particles, jth fraction (M�1), e is the void ratio (L3L�3),
nj is the number of particles in the jth fraction (�), αj is a scaling parameter for the jth fraction (�), and x is the
exponent on pore radius (�).

An idealized approximation to the porosity in the streambed can be calculated using sediments fractions
Fbed,i according to the method detailed in Ouchiyama and Tanaka [1986].

7. Discussion

This new blueprint identifies a critical need for the inclusion of streambed transience as a next frontier in
improving the understanding of catchment functioning, SW-GW interaction, and streambed dynamics. It
recognizes that there are still processes that can be included and that this is one possible mathematical
formulation for a coupled streambed sedimentological-hydrological-hydrogeological modeling frame-
work. This blueprint raises a number of challenges with respect to the level of understanding of
sedimentological processes and the scale at which they occur, numerical and computational aspects, lim-
itations of model application, and finally, what the model can be used for. These challenges are
discussed below.
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7.1. Sedimentological Considerations

Due to the large variability in both stream types [Rosgen, 1994] and dominance in sediment transport pro-
cesses, it is not possible to have a single, universal equation for the erosion and deposition submodels that
is suitable for all streams, as noted by Davy and Lague [2009]. It is, therefore, unavoidable that suitable sub-
models to describe erosion and deposition are chosen on a case by case basis to inform the sediment
exchange term in equation (13). The effects of changes in fluid density and viscosity on the nature of flow
and bed shear stress as a consequence of entrained sediments are not considered in this blueprint, although
these are important processes [Wainwright et al., 2015] that will warrant further consideration in future math-
ematical implementations of the blueprint. The definition of the active streambed thickness poses some
challenges and will likely be a key area of uncertainty within the model. However, sensitivity to this thickness
can be tested without much difficulty and will act to guide further attention to the streambed definition
more generally.

Additional research is still required to assemble all of the suitable empirical relations with respect to hydraulic
properties of the sediments and sediment erosion and deposition processes. A major challenge also exists in
dealing with predicting the anisotropy of streambeds, which could have significant implications for hypor-
heic cycling [Cheng et al., 2013; Zlotnik et al., 2011]. The current approaches that relate grain size distributions
to hydraulic properties do not allow estimation of anisotropy ratios of hydraulic conductivity. Furthermore,
while the internal streambed sediment processes involved in upwelling and downwelling conditions have
received attention in engineering applications, they must be observed and quantified in natural settings.
To develop a better understanding of these processes in natural systems, our current observational field-
based approaches of flow and sedimentary processes in streambeds need significant improvement.
Finally, biogenic processes, such as bioturbation or the development of biofilms, can also have a significant
influence on the hydraulic properties of the streambed, adding an additional level of complexity [Albertson
et al., 2014; Boano et al., 2014; Sanford, 2008; Song et al., 2010; Treese et al., 2009]. This review, however, did
not cover these processes, and their integration with numerical models will pose additional, exciting
challenges and opportunities and will further call for increased collaboration between all disciplines
concerned with fluvial systems, and in particular ecologists, microbiologists, and chemists.

7.2. Numerical and Computational Challenges

The numerical challenges in running such a model, once developed, will be considerable, given the very
different types of equations describing surface flow, sedimentary processes, and the coupling with the sub-
surface. These challenges are already routinely encountered in coupling models of, for example, the vadose
zone with groundwater or coupling surface water and groundwater. They arise due to the inherent differ-
ences in physics in different compartments of the hydrologic cycle. This, in turn, creates difference and
incompatibilities between the spatial and temporal dimensions and resolutions required for accurately simu-
lating these various hydrological compartments. Thus, “stitching” across these various compartments
remains a general computational and numerical challenge for hydrologic sciences and is not limited to the
coupling with sedimentology described here.

7.3. Scales of Processes Within the Mathematical Implementation

As with existing models of surface-subsurface flow or stream morphology, applications of such models will
vary in scale, and particular features of systems will require the necessary spatial and temporal resolution
to be simulated. The mathematical implementation provided in this review is not universal for all scales as
important physics are simplified at the catchment (regional) scale that motivated this analysis. Thus, explicitly
capturing bed form scale features such as upwelling and downwelling around streambed undulations will
not be possible with the Saint-Venant flow equations and will require the more complex Navier-Stokes
equations; however, at larger scales, a mechanistic implementation in a simplified transient model of
streambed properties will be possible and will allow a simplified simulation of important feedbacks to
streamflow generation processes (see also section 7.5). The proposed blueprint can strategically inform the
development of such a mechanistic approach in a simpler model.

At the regional scale, the catchment water balance or sediment yields are typically of interest to the hydro-
geologist or hydrologist. The near-stream partitioning of rainfall is strongly influenced by the streambed and
hence is expected to affect catchment functioning. The proposed model allows one to explore if and to what
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extent the near-stream and large-scale catchment water balances are affected. The streambed will influence
both water quality through the various pathways in which water progresses through the catchment and the
timing of stream water and near-stream groundwater as it passes through. Because it is a primary control on
near-stream SW-GW exchange, ignoring the transience in streambed properties could potentially lead to a
very significant difference in understanding and predicting catchment functioning and system responses.

7.4. Purpose and Applications of the Proposed Blueprint

A possible mathematical implementation of the proposed blueprint has been given within the review;
however, it is worth stressing that this is not the only possible implementation. The proposed mathematical
formulation will be suitable for application of the coupledmodel at resolution scales from tens to hundreds of
meters and larger. Application to smaller spatial scales, e.g., centimeters to meters, will require implementa-
tion of the more complex Navier-Stokes equations for the surface flow solution, which raises additional
challenges. The blueprint’s purpose is to encourage unification of these currently unlinked model types that
is reflective of the quantitative evidence reported in the literature.

It is anticipated that applications will vary from the purely theoretical (on idealized systems) to applied
studies designed to elucidate our understanding of real systems.

7.5. Parameterization for Simulation of Existing Flow Systems

As with the hydrologic sciences more generally, there will obviously be challenges in parameterizing the
blueprint model in real catchments. Parameterization of the physical properties for the equations of flow
and sediment transport, which take on a single value per cell/element in the model, are not simply effective
or averaged properties. This single value loses some physical meaning and tends to behave as a surrogate for
multiple properties or processes. As an example, once the resolution of a model reaches hundreds of meters
per cell/element, streamflow generation processes are oversimplified and don’t capture the expansion of
saturated areas adjacent to streams or indeed even the near-surface soil moisture content near the stream.
As with any model, understanding the nature of appropriate parameterization, its implications for model
prediction, and associated model surrogacy is paramount.

This is where appropriate calibration of the model’s physical properties at the regional scale is necessary.
Through the calibration process, correlated parameters can be identified and subsequently explored through
uncertainty analysis [Brunner et al., 2012]. Such an analysis can help identify the critical observations that
should be included in the calibration process [Schilling et al., 2014]. This allows identification of the field
observations required to inform the processes relevant across the different spatial and temporal scales.
There will be several applications where simplification is appropriate (for example, the large-scale
hydrological balance discussed above) but will be accompanied with additional uncertainty. A complex
model can provide the means for estimating the price of simplification in terms of uncertainty and therefore
how to manage and reduce it [Doherty and Christensen, 2011]. For example, the detailed coupled model can
provide information for time scales of colmation/decolmation and SW-GW exchange fluxes. This information
can be integrated into faster, albeit simpler, models through dynamic boundary conditions. This approach
allows for consideration, to a certain extent, of the transience of the system in more efficient modeling
frameworks. Such “sequential coupling” approaches have already been successfully used in the context of
hyporheic flow [Trauth et al., 2013] and are likely to prove useful with the proposed blueprint.

7.6. Implications of the Blueprint

The increased understanding of the transport of fine particles and their redistribution in the streambed will
allow for new insights in the transport of contaminants and on the mechanism of physical streambed clog-
ging. The latter process is of great concern for stream ecosystems because it reduces the streambed hydraulic
conductivity and has strong negative impacts on ecological habitats [Descloux et al., 2013; Jones et al., 2015;
Kemp et al., 2011; Mathers et al., 2014]. Simulating how discharge develops along a stream, rather than
defining it as a boundary condition as is widely done in sedimentological models, will further allow the
elimination of a source of major uncertainty in large-scale models. Apart from the fundamental scientific
aspects, such an increased understanding is required for a number of engineering and water resources
management approaches, including a better design of stream restoration projects or the understanding of
the fate of micropollutants and nutrient dynamics in relation to the transport of fine particles, to mention just
a few examples.
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It is recognized that the current blueprint focuses on physical matters, namely, hydraulics and flow dynamics
only. There are a number of important outstanding issues. These include solute transport, water quality, geo-
chemical reactions, and microbiologically mediated processes. Microbiological clogging of the streambed is
one pertinent example [Nogaro et al., 2010; Rubol et al., 2014]. Chemical and biological processes are likely to
be important in controlling the nature and properties of the streambed. We therefore anticipate that future
evolution of the blueprint and associated model development will include these and other important
controlling chemical and biological factors.

8. Conclusions

Field evidence shows that event, seasonal and annual changes in the hydraulic conductivity in streambeds,
can reach several orders of magnitude, with major implications for the dynamics of SW-GW interactions.
Although modeling of streamflow generation has evolved significantly since the publication of Freeze and
Harlan [1969] blueprint, integrated surface-subsurface hydrologic models still largely assume that the
streambed structure and topography is static and that its hydraulic conductivity remains constant in time.
The static treatment of the streambed in hydrological models prevents a more rigorous representation of
streamflow generation process dynamics and near-stream SW-GW interactions in particular. Streammorpho-
dynamic models have proven highly useful for many applications. However, exclusion of groundwater flow
processes and stream-aquifer exchanges within such models neglects critical morphodynamic processes
and overlooks the effect groundwater discharge exerts on streamflow, especially at large scales. A holistic
and quantitative understanding of both SW-GW interactions and streambed morphodynamics requires
integration of hydrology, hydrogeology, and sedimentology in a unifying conceptual and quantitative
framework. This paper proposes a new blueprint for advancing this important matter and is likely to have
wide-ranging applications across SW-GW interaction and streambed problems.

The motivation for the proposed blueprint came from stream-aquifer interaction studies at scales of
hundreds of meters or larger. This review presents one possible mathematical formulation for coupling moti-
vated by this larger spatial scale. Other formulations will be necessary depending on the nature of the pro-
blem and its associated spatial and temporal scales. For example, we can anticipate that other
sedimentology models for erosion and deposition may be required under certain conditions and that the
Navier-Stokes equations for surface flow may need to be substituted for the Saint-Venant equations at much
smaller spatial scales (less than meters).

This review has deliberately set out to discuss the philosophy and conceptual approach for such a coupled
streambed sedimentological-hydrological-hydrogeological modeling framework. It is an intentionally strate-
gic treatment of the topic. The authors have deliberately refrained from the implementation of the model in
order to maintain a higher level philosophical, strategic and conceptual discussion on this matter. A more
detailed treatment of the development, implementation, and application of the model will necessarily be
the subject of future work. This would involve a detailed treatment of matters (model development, code
testing, comparative analysis of mathematical formulation, numerical solvers, etc.) that may have otherwise
distracted from the core purpose of this review and the conceptual blueprint development presented here.
The authors can also anticipate that future work will include critical water quality, solute transport, geochem-
ical, and microbiological matters. These matters are likely to play an important role in modifying the proper-
ties of the streambed and exert considerable influence in the coupling of streambed sedimentology,
hydrology, and hydrogeology. We, therefore, recognize the enormous potential and need for future work.
Nonetheless, we hope that this paper serves as a useful and catalytic basis for scientific discussion amongst
sedimentologists, hydrologists, and hydrogeologists and that it inspires future work on the development and
application of the blueprint models envisioned here. We believe that the suggested blueprint and its
implementation and application will constitute an urgently required and significant breakthrough for the
hydrological, geological, and groundwater sciences.
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