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9.1 Introduction

Surface water (SW) is linked to groundwater (GW) through
myriad connections. Hydrological scientists from ancient times
were aware of the water cycle concept, but not until the end of the
twentieth century did the scale and dramatic effects of anthro-
pogenic activity force scientists, engineers, and water users to
start managing SW and GW within a water budget framework
as a single resource (Winter et al., 1998; Healy et al., 2007).

We will use the abbreviation “GWSWTI” to connote a ground-
water-surface water interaction. GWSWIs exist at scales ranging
from pores to formations. Globally, such interactions are charac-
teristic of the terrestrial and oceanic components of the water cycle.
In addition to stream-aquifer and lake-aquifer exchanges,

GWSWIs include submarine GW discharge and saltwater intru-
sion that have attracted recent attention. Next, we will focus on
more traditional terrestrial GWSWIs. This well-developed part
of GW engineering is related to irrigation agriculture, which
is the major GW consumer in the world (Konikow and Kendy,
2005; Wada et al., 2012). The topic is very broad, and we empha-
size GW’s role in this connection.

The renewal rates of GW are slow, and residence times are
long compared to SW, and thus sustainability of a GW resource
is an increasingly important consideration (Alley et al., 1999).
Currently, estimates comparing aquifer recharge rates with GW
extraction rates in various parts of the globe are not optimistic.
To address theoretical and applied aspects of GW sustainability
issues, a deeper and broader understanding of GWSW1 is needed.
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Examples of GWSWTI issues include the usage of aquifer sys-
tems for temporary storage of SW during excessive flow, water
rights adjudication when intensive use by one user (GW or SW)
adversely affects another hydrologic component, bank storage
effects and canal losses that may delay the time of discharge
from headwater to stream outlet, effects of flood attenuation by
modification of wetlands or stream-aquifer interface, effects
of GW pumping on lake stages; denitrification in streams, and
effects of temperature on fish habitats. Of course, this list falls far
short of all connections. Management of one component of the
hydrologic system is only partially effective when these compo-
nents are treated separately (Winter et al., 1998).

This chapter begins with the hydraulics of GWSWIs
(Section 9.2). This is one of the most developed fields of hydro-
geology, evolving from engineering experience in designing
well fields in alluvial valleys throughout the world. Typically,
the interface between GW and SW was perceived as a layer with
identifiable properties and simple geometry. Actual properties
of mass and heat transfer are more complex. Section 9.3 eluci-
dates properties of this interface (hyporheic zone [HZ]) using
contributions from fluvial and lacustrine sedimentology, hydro-
dynamics of porous media, mass and heat transport, and laying
out foundations for analysis of water, solute, and heat trans-
fer across the interface. Section 9.4 focuses more specifically
on solute transport across the interface. Section 9.5 addresses
heat transport studies that gained strong momentum over the
last decade. To support analyses of these processes, Section 9.6
addresses field methods needed for their quantification. Finally,
Section 9.7 presents examples of usage of these principles, pro-
cesses, and parameters in simulation of GWSWIs for theoretical
and applied purposes.

9.2 Hydraulics of GW-SW Interactions
9.2.1 Basics

GWSWI studies emphasize water, solute, and heat exchanges
across the interface in addition to GW flow and transport pro-
cesses in the aquifer per se. Such studies are often a component
of integrated watershed models (Rossman and Zlotnik, 2013}
developed over past decades. They incorporate GW and SW
including overland flow, vadose zone, land surface hydrology,
and climate (e.g., reviews by AquaResource, Inc., 2011; Daniel
et al., 2011). Sometimes, feedbacks between GW and SW, driven
by climate variables and water resources management scenarios
(Maxwell and Kollet, 2008; Green et al., 2011), are of primary
interest.

Differences in GW role between streams and lakes: Water resi-
dence times and discharges differ significantly between streams
and lakes. For a given water exchange rate between a body of
GW and SW, the effects on stream discharge and stage might be
dramatically different from those on a closed (endorheic) lake
(Born et al., 1977). In the case of a stream, changes in the result-
ing stream regime may be negligible, while in the case of the
lake, such changes can be quite dynamic.
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Spatial-temporal nature of stream-aquifer interactions: Streams
interact with GW in all types of landscapes in three basic ways
(e.g., Winter et al., 1998): (1) streams gain water from inflow of
GW through the streambed (gaining stream), (2) they lose water
to the aquifer by outflow (losing stream), and (3) they do both,
gaining at some reaches and losing in others. However, the tran-
sient nature of GWSWIs at annual or seasonal scales, affected
by factors such as droughts or land use activities (e.g., GW
withdrawals), may result in inversions of the flow direction. For
example, some reaches undergo transitions from gaining to los-
ing conditions as evident by the disappearance or reduction of
flowing streams (e.g., Sophocleous, 2000).

Spatial-temporal nature of lake-aquifer interactions: Lakes,
where substantial GW inflow exists compared to other compo-
nents of the water budget, are often defined as GW-dominated
lakes (Born et al., 1977). This dominance is especially impor-
tant for shallow lakes (Rosen, 1994). In lakes, the flux direction
across the interface may vary spatially. Lakes that receive GW
over the entire lakebed are called discharge lakes (i.e., discharg-
ing GW); lakes that infiltrate SW over the entire lakebed are
called recharge lakes; and lakes that have areas of both vertical
upward and downward recharge are flow-through lakes (Born
et al., 1977). Due to the transient nature of GWSWIs at various
timescales, inversion of fluxes and change of the lake regime
may occur.

Aquifer heterogeneity: Hydraulic conductivity (K) of an aquifer
is inherently heterogeneous. The analysis of GWSWIs require
data collection at appropriate scales (Bridge and Hyndman,
2004; Rubin and Hubbard, 2005) and quantitative data inter-
pretation (Marsily et al,, 2005) in terms of 3D K-distributions of
the “bulk” mass of the aquifer. Substantial advances have been
made in the past several decades (see Part II of the Handbook).
In sedimentology, the distinction between short-term and long-
term deposits in alluvial channels and floodplains is based on
factors such as flow and sediment transport, flood frequency,
tectonics, climate, and sea-level rise (Bridge, 2003; Sambrook
Smith et al, 2013). This distinction defines the difference
between the properties of the aquifer and HZ. In long-term
deposits, adaptation of an SW regime to climate variations may
result in sediment sequences that fine or coarsen with depth
(Bridge and Demico, 2008).

GW-SW interface: The properties of the heterogeneous interface
(e.g., Calver, 2001) are dynamic and are affected by physical,
chemical, and biological processes. Over the past two decades,
the term “hyporheic zone” has come to denote the region
beneath and alongside a streambed, characterized by mixing
of shallow GW and SW (Section 9.3). For practical purposes,
several lithological traits and geometries are commonly recog-
nized. The HZ may be incised to a full or partial depth into the
same alluvial aquifer, or it can be incised into a lower perme-
ability unit overlying the aquifer. Permeability properties at the
interface are formed over “geological” time, but they might be
affected by changes resulting from droughts, floods, or seasonal
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cycles (e.g., Doppler et al., 2007; Sambrook Smith et al,, 2013). If
the interface properties are well represented by the underlying
alluvium, then a variety of different models can be used (e.g.,
Guin et al., 2010). Colmation (interface clogging) may reduce
permeability under the effects of GW pumping in alluvial aqui-
fers (Hiscock and Grischek, 2002).

GW models in GWSWIs: Flow and transport processes are inher-
ently three dimensional. Considering the small aspect ratio of
saturated aquifer thickness to horizontal aquifer extent, it is
commonly assumed that vertical head gradients at a given loca-
tion are negligible, which is Dupuit-Forchheimer assumption
(Freeze and Cherry, 1979). In these cases, 2D GW flow models
in Cartesian coordinates x and y are used. Exceptions are areas
where streamline deformation occurs, for example, wells, seep-
age zones, and at or near aquifer boundaries. In these cases, 3D
or combinations of 2D and 3D models are essential (Haitjema,
1995; Luther and Haitjema, 2000). Models focused on 2D analyt-
ical solutions are described in this section. With consideration of
system complexity, such as 3D flow patterns, aquifer heterogene-
ity, irregular geometry, and various hydrologic processes across
the SW-GW interface, numerical methods are used; these mod-
els are addressed in Section 9.7.

Boundary conditions: GW may occur in direct hydraulic con-
nection with a stream or lake, or it may be “disconnected.” In
the latter case, the water table and capillary fringe are separated
from the SW (e.g., Bouwer, 2002; Brunner et al., 2009a,b, 2011).
In most models, hydraulic connection is commonly assumed. If
additional resistance to fluxes between GW and SW exists due
to fine sediments or anisotropy, a low-permeability horizontal
layer is introduced. This was originally proposed by Grigoryev
(1957) and later became commonplace after the release of
the MODFLOW software (McDonald and Harbaugh, 1983),
although heterogeneity and uncertainty of the layer shape are
important (Brunner et al., 2011).
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9.2.2 Stream-Aquifer Interactions and Capture

9.2.2.1 Capture and Stream Depletion
9.2.2.11 Definitions

Land use changes such as pumping and irrigation upset pre-
development equilibrium and cause stream depletion (and
sometimes stream recharge) from the aquifer. In his classic
study, Theis (1940, 1941) explained the dynamics of stream
depletion resulting from GW withdrawals. During the early
stage of pumping, a cone of depression (aquifer storage) is the
main source of extracted water. With continued pumping, the
pumping rate Q is supplied by capturing ambient GW flow
(Figure 9.1a) that would discharge to the stream otherwise.
However, at a sufficiently high pumping rate (equal to some
critical value Q.), the capture zone of a well located at a dis-
tance d may expand and reach the stream (Figure 9.1b). At even
higher pumping rates, the aquifer is recharged by infiltration
from the stream to the aquifer along some stream reach (AA’
in Figure 9.1c).

The sum of two terms—decrease in discharge (ambient flow
to the stream) plus increase in aquifer recharge (induced infil-
tration from the stream)—produces a new dynamic equilib-
rium under GW pumping referred to as capture (Lohman, 1972;
Bredehoeft et al., 1982; Bredehoeft, 1997, 2002). Hantush (1965)
used the term stream depletion as synonymous with capture to
characterize changes in natural GW discharge to streams. Other
sources of capture may include reduced evapotranspiration
from the GW system and reduced rates of GW discharge to a
coastal zone/ocean.

When stream and aquifer water qualities differ, intensive GW
withdrawals from a well may result in a mixing of SW and ambi-
ent GW flow. If the quality of pumped water is a concern, a pro-
cedure for separating stream depletion into induced infiltration
and captured discharge/ambient flow (stream depletion separa-
tion procedure, for brevity) is needed.
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FIGURE 9.1 Schematic diagram of streamlines for steady-state GW flow near pumping well in plan view illustrating the stream depletion (cap-
ture) at different pumping rates: (2) well uses ambient flow only; (b) critical pumping rate Q, when stagnation point A reaches the stream; and
(c) well uses ambient flow and infiltration from the stream between stagnation points A and A’. (Modified after Wilson, J.L., Water Resour. Res.,

29(10), 3503, 1993.)
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With some land use changes, GW recharge can increase
in various areas of the watershed. Such spatially distributed
increases can result in stream recharge by GW, runoffincrease, or
associated SW quality changes (Knight et al.,, 2005; Stonestrom
et al., 2009; Schilling et al., 2010).

Early studies of GWSWIs are largely focused on hydrogeo-
logical applications (irrigation supply, municipal well fields,
pumped GW quality). An extensive body of literature, directed
at understanding and managing the effects of GW pumping on
streamflow, is summarized and illustrated by Barlow and Leake
(2012) who describe the major factors controlling GWSWIs,
including stream-aquifer geometry, streambed-aquifer prop-
erties, and GW withdrawal characteristics. We will highlight
those aspects of hydraulics that serve as a basis of GW engineer-
ing decisions.

9.2.2.1.2 Field Experiments

Stream depletion rate observations and experiments must
consider (1) time lag and attenuation of pumping effects that
increase with distance from the location of GW withdrawal,
(2) accuracy of stream discharge measurements to separate
stream depletion rate changes from natural discharge variability,
and (3) other factors that attenuate stream depletion rate such as
phreatophytes (Bredehoeft et al., 1982; Bredehoeft, 2011) or aqui-
fer Jeakage (Zlotnik, 2004). Two types of field studies are feasible:
(1) short-time pumping tests, including well field operations in
alluvium lasting from hours to months and (2) long-time analy-
ses of pumping, utilizing hydrologic and climatic data collected
over a period of many years.

Short-term tests are designed to determine local-scale effects
of pumping, understand the geologic and hydrogeologic con-
trols on streamflow depletion, and test the predictive capabil-
ity of models to determine streamflow depletion under actual
field conditions. Such studies typically make use of multiple
data types to provide a comprehensive picture of how stream-
aquifer systems respond to pumping and are not numerous.
They include those described by Sophocleous et al. (1988),
Christensen (2000), Hunt et al. (2001), Nyholm et al. (2002,
2003), Kollet and Zlotnik (2003), Fox (2004), and Lough and
Hunt (2006). There are also cases of applied nature, when the
quantity and quality of captured SW are of interest (see Barlow
and Leake, 2012).

Long-term studies utilize hydrologic and climatic data col-
lected over several years and aim to determine whether changing
streamflow conditions can be correlated to long-term, basin-
wide development of GW resources (e.g., Wahl and Tortorelli
(1997) for the period 1938-1996, Sophocleous (2000) for 1950-1995,
Fleckenstein et al. (2004) for 1941-1981, and Prudic et al. (2006)
for 1950-2000). In these cases, water balance over a long period
permits estimations of stream depletion rate in the SW budget
and long-term trends in streamflow conditions.

9.2.2.1.3 Streamflow Response to GW Pumping

The properties of the aquifers controlling stream depletion
include saturated thickness (b), hydraulic conductivity (K),
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transmissivity (T = K-b), specific yield for an unconfined aquifer
or storage coefficient for a confined aquifer (both denoted as S),
and diffusivity defined as D = T/S. Typically, GWSWI studies
have utilized 2D frameworks with Cartesian coordinates x and y
but may also require vertical dimension z, as outlined earlier,
If the stream boundary is aligned with the y-axis and a well is
located on the x-axis at a distance d, stream depletion rate g(f)
is found by integrating Darcy’s fluxes along the stream-aquifer
interface along the y-axis (Figure 9.2a) as follows:

gty =—T J' %dy ©.1)

Here, s(x, y, t) is a head change at the watershed, resulting from
transition from predevelopment to development conditions over
time t. Geometry and properties of the streambed may result
in various modifications of this equation. The resulting stream
depletion volume V(1) for this stream is found by summation of
SDR over time as follows:

V(t)= J.q(r)dr 9.2)
]

Due to the near-linear nature of the GW flow equation, the
effects of multiple wells located at various distances from the
stream are treated by superposition of the effects of individual
wells with individual pumping rates.

The classic solution was obtained by Theis (1940, 1941), and
the results were refined by Glover and Balmer (1954). Jenkins
(1968, 1970) analyzed this Theis-Glover-Balmer solution, g(z),
as a function of dimensionless time ¢, and introduced a stream
depletion factor (sdf)

ot Sd’

La ="’1—‘—=Sdf (9.3)

that reflects the aquifer properties (T'and S) and GW withdrawal
geometry (d). Stream depletion rate at time ¢ is defined as follows:

(1) 1 2 .
%—:erfC(W}, erfc(x)=7—;-!e du (9.4)

This equation indicates that 100% of GW withdrawal will
eventually come from stream depletion, that is, lim,_, V(£
(Q1) = 1. There are several simplifications in the Theis assump-
tions regarding the properties of the streambed, stream pen-
etration of the aquifer, transient pumping rate, heterogeneity
of the aquifer (alluvial valley), and a nonstraight stream shape.
"They have been addressed by different authors and tools as dis-
cussed next.
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FIGURE9.2 Geometry of GWSWI with different sinks/sources of strength Q: (a) a single well (pumping rate Q); (b) rectangular sink/source with
strength Q = A,-W-L; and (c) a single well near a stream confluence at angle ¢, located at polar coordinates (r,, 0,).

9.2.2.1.4 Stream Recharge from Land Use Changes

Typically, land use changes are spatially distributed (various crops,
irrigation technologies, etc.). If increase in recharge is a result, the
change of water levels may result in changes of baseflow and run-
off in general (Schilling et al., 2010). Hantush (1967b) developed
several 2D solutions for GW mounding resulting from circular
and rectangular sources but without considering effects on stream
runoff. Knight et al. (2005) obtained and applied analytical solu-
tion for stream recharge rates g(f) originating from GW recharge
increase (A,) over a rectangular patch, aligned along the stream
with dimensions W and L as shown in Figure 9.2¢.

q(t) 2t (l—w/ZJ_. (1+w/2)
0w ierfc _-—21‘,1/2 ierfc ——————2ty2 ,
ierfc(x) = < __ x-erfe(x) (9.5)

Jn

where Q = A,-W-L is the strength of sink, centered at the patch,
and w = W/d. Zlotnik (2015) presented a summary for this and
other stream-aquifer geometries and stream recharge volume
estimates. The role of the patch shape becomes less significant
over time or with distance from the stream.

9.2.2.1.5 Other Factors in Stream-Aquifer Hydraulics

9.2.2.1.5.1 Partial Penetration of Strearn  Concepts of streambed
properties and geometry have substantially evolved since Theis
(1940) considered only streams fully incised into the aquifer

(Figure 9.3a). Hantush (1965) investigated the effects of reduced
stream/aquifer connections by introducing an imaginary thin
incompressible “vertical” layer of reduced hydraulic conductiv-
ity K (K, < K) with thickness m; (Figure 9.3b). His stream deple-

tion rate
J - ”erfc[

utilizes the retardation coefficient Bg, which accounts for stream-
bed properties

d
, V=— 9.6
+ vafty J v B, (9.6)

i(ﬂ— 1 1
a —erfc(z\/a "

9.7)

Compared to the Theis-Glover-Balmer solution dynamics, the
pace of the stream depletion rate increases more slowly over
time; the term “retardation” characterizes the later onset of time
needed to develop full capture.

Grigoryev (1957) proposed a scheme that accounts for
streambed incision, resistance, geometry (width), and partial
penetration for designing water supply in alluvial aquifers
(Figure 9.3c). Zlotnik et al. (1999), Hunt (1999, 2014), Butler
et al. (2001), Fox et al. (2002), and Singh (2003} used differ-
ent versions of this scheme. The resulting stream depletion
rate is again Equation 9.6, although the retardation factor
Bg is modified to account for stream width W, thickness of
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FIGURE 9.3 Stream-aquifer interface in hydraulic models: (a) stream, fully penetrating the aquifer, (b) stream separated from the aquifer by a
vertical layer of elevated resistance, and (c) stream of shallow penetration with a horizontal layer of reduced hydraulic conductivity. (a: After Theis,
C.V,, Civil Eng., 10(5), 277, 1940; b: From Hantush, M.S., J. Geophys. Res., 70(12), 2829, 1965.)

streambed sediments mg, and hydraulic conductivity K; as
follows (Zlotnik et al., 1999):

msT
Ks

B; = Bcoth(zv——], B= (9.8)
2B

For a small stream width (W <« 2B), Hunt (1999) used B; as
follows:

B~ 2msT

S ©9)
WKs

Simulation of the partial stream penetration the aquifer allows
for the propagation of GW drawdown under the stream and the
resulting GW storage changes on the side of the stream opposite
to the well (Hunt, 1999; Butler et al., 2001).

An important assumption common to all of these approaches
is that the aquifer head at the stream remains above the stream-
bed, thatis, it remains hydraulically connected with the stream
(Banks et al., 2011b; Brunner et al,, 2011). Finding the stream-
bed thickness (parameter my) is not a well-defined procedure
and may be inconsistent with the aquifer stratigraphy, which
complicates B, calculations. Therefore, it is actually more of a
fitting parameter, incorporating effects of various factors (Hunt
et al,, 2001; Kollet and Zlotnik, 2003). Reeves (2008) and Reeves
et al. (2009) provided empirical approach for finding parameter
B,, which still needs validation (e.g., by comparing with Theis-
Glover-Balmer or numerical models). For example, Traylor
and Zlotnik (2016) found that a model based on Equation 9.6 in
alluvial aquifers does not improve estimates of stream depletion
compared to the Theis-Glover-Balmer model (Equation 9.4).

9.2.2.1.5.2 Agquifer Heterogeneity at Large Scale (Layers and Bands)
Additional solutions have been developed to address flow con-
ditions along the lower and upper boundaries of the aquifer.
Streams located within an overlying aquitard that provides a
source of leakage to the underlying pumped aquifer are shown in
publications by Hunt (2014). Zlotnik (2004), Butler et al. (2007),
and Zlotnik and Tartakovsky (2008) developed solutions for leaky
aquifer systems in which the upper pumped aquifer is separated by
an aquitard from a high-permeability aquifer below. Theoretically,
stream depletion may be less than 100% of the pumping rate if the

lower aquifer has its own recharge zones (Christensen et al., 2010).
Miller et al. (2007) considered alluvial aquifer width, and Butler
et al. (2001, 2007) accounted for both aquifer width and structure
by considering different properties of alluvium between banks
and streambed (bands) but for linear stream shape.

9.2.2.1.5.3 Multiple Streams  Stream depletion rate in Equation
9.4 is commonly assessed over the entire straight stream length.,
The stream depletion rate distribution was explored by Kollet
et al. (2002) and Ward and Callander (2010). This rate varies
among stream segments. If a confluence of two streams exists
(Figure 9.2¢), rates for each stream are of interest. Partitioning
of this rate for a right-angle confluence was given by Hantush
(1967a), and Yeh et al. (2008a) provided estimates for various
confluence angles (wedge-shaped aquifer). This partitioning is
essential for each stream above the confluence.

9.2.2.1.5.4 Transient Pumping Regime Pumping is inherently
transient and often cyclical. In the majority of practical prob-
lems, one cycle amounts to a year, with distinct pumping and
no pumping periods. Due to linearity of the 2D GW models, the
stream depletion rate can be addressed by using various convo-
lution methods (Wallace et al., 1990; Darama, 2001). The result-
ing magnitude depends on the distance d and the fraction of a
year with pumping. Cyclic pumping close to a stream results in
highly variable stream depletion rates through time, with peaks
that may approach the maximum pumping rate. In contrast,
the effect of cyclic pumping at greater distances is less variable
through time, with depletion peaks that may only be slightly
greater than the long-term average pumping rate. When the
pumping period becomes longer, variability in capture dimin-
ishes at all distances.

9.2.2.2 Stream Depletion Separation

Steady-state and transient stream depletion estimates address
total rates and volumes but do not differentiate between induced
infiltration and captured ambient flow. Separation of these com-
ponents is important for the management of quantity and qual-
ity of GW-SW resources. Such separation requires analysis of
the flow net. Wilson (1993) provided such analysis for most com-
mon cases of GWSWTI in 2D format (Figure 9.1). They include
a semi-infinite aquifer of width L > d near a stream, a finite
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width aquifer between a stream and an impermeable bound-
ary, located at distance L from the stream, and a finite width
aquifer between two streams, separated by distance L; in each
case, a well is located at distance d near a stream. The size of the
capture and location of stagnation point A associated with an
individual well depends on pumping rate Q (e.g., Bear, 1979). At
some critical pumping rate Q, stagnation point A reaches the
stream, and further increase of pumping rate Q results in emer-
gence of a stream segment AA’ with induced infiltration into the
aquifer (Figure 9.1¢). In each case, three parameters are of inter-
est: (1) value of critical Q, (2) location of the segment boundar-
ies (AA’ on Figure 9.1), and (3) induced infiltration Q,. They are
defined as functions of two dimensionless parameters, § = Q/
(ndq,) and & = nd/(2L). Here, g, [L*T"] is the uniform ambient
flow velocity (discharge per unit aquifer width) resulting from
lateral inflow to the aquifer from a remote boundary and diffuse
GW recharge into the aquifer. Critical pumping rate for all three
cases can be calculated as follows (Wilson, 1993):

Q¢ =mdg, f(5) (9.10)

where function f(8) is specific to each case. Coordinates of A
and A’ of the segment for any pumping rate Q > Q.. are then
calculated as functions of parameters § and f. Infiltration rate
Qs is then simple closed-form function of these coordinates
(Wilson, 1993).

There are several factors that may be encountered in practice
as follows:

+ Transient GW flow effects on location of the infiltration
segment (e.g., Glover and Balmer, 1954; Chen, 2001; Kollet
etal,, 2002; Ward and Callander, 2010} are present.

+ Multiwell interference, as illustrated by Nelson (1978),
requires delineation of multiple capture zones (e.g., Fienen
etal., 2005).

* Deviation of ambient flow direction from the normal to
the stream may require modification of procedures for
delineation of the AA’ segment (Newsom and Wilson,
1988).

+ Consideration of stream penetration is important for
capture-zone delineation because it may extend from one
stream bank (with well) to another (Bakker and Anderson,
2003).

_* Heterogeneity of the aquifer may require a stochastic
framework for delineation of the well capture zone, but
such studies do not account for stream-aquifer exchanges
explicitly (Stauffer et al., 2005; Enzenhoefer et al., 2012).

9.2.2.3 Applications

Estimation of capture is important for adjudication of water
rights (Bouwer and Maddock, 1997) and engineering design.
Uncertainty in available parameters often results in equal valid-
ity of analytical and numerical evaluations, and both approaches
are currently used widely. Analytical methods and their
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modifications (including transfer functions, see Barlow and
Leake (2012)) are applied to each individual well. Afterward, the
integral effect is estimated using the superposition principle and
often facilitated by geographic information systems. Numerical
methods assess capture by considering well networks in their
entirety, rather than well-by-well, but assigning capture to indi-
vidual wells requires special procedures (Leake et al., 2010).

Underlying assumptions of analytical methods disregard
some factors that complicate stream depletion assessment
(Barlow and Leake, 2012). These include aquifer heterogeneity,
finite sizes, irregular boundary shapes, stream meandering, and
multiple tributaries and their orientations. However, in practice,
such solutions (most commonly the Theis-Glover-Balmer solu-
tion) are used with success (e.g., COHYST Technical Committee,
2004; Reeves et al, 2009; Foglia et al., 2013; Kuwayama and
Brozovié, 2013). The approximate nature of such estimates is
compensated for by the ease of direct assessment of annual cap-
ture rates for each well. On the other hand, numerical methods
have the advantage of utilizing all hydrogeological and hydro-
logical information for collective assessment of all wells rather
than superimposing individual well effects. In practice, their
accuracy in estimating stream depletion rates converges for the
following practical reasons:

1. Analytical estimates are conservative; almost all solutions
indicate that the stream will supply 100% of the well water,
which is the highest and sometimes the fastest capture if
one neglects salvage effects described by Bredehoeft et al.
(1982) or aquifer leakage (Christensen et al., 2010).

2. Watersheds have multiple wells, and while estimates for
an individual well may be biased, errors of different signs
tend to balance each other. This is often apparent when
runoff observations are available (Traylor and Zlotnik,
2016; Foglia et al., 2013).

3. The approach has broad merit in the initial phases of
designing GW management strategy to identify broad
areas of potentially feasible projects and to convey infor-
mation on the scope of potential projects and expected
outcomes. Addressing heterogeneity and (or) uncertainty
of parameters in GWSWIs should be addressed by numer-
ical modeling at subsequent stages.

Of practical interest is a capture from each SW body for a given
year. Leake et al. (2010) proposed a convenient method for gener-
ating maps of capture for each year of interest since the develop-
ment. For any given year, a ratio of capture-to-pumping rate is
calculated for each well or location associated with a SW body
of interest. Such a ratio ranges between 0 (absence of capture)
and 1 (pumping rate is fully based on stream depletion). This
ratio can be mapped for each year and each SW body involved
in GWSWIs, as it was successfully developed and applied for
both analytical and numerical methods (COHYST Technical
Committee, 2004; Leake et al., 2010, respectively).

In adjudication of water rights or meeting certain constraints
(e.g., on capture or on streamflow requirements), there are two
approaches. For simple systems with few wells, a trial-and-error
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technique can be used for conjunctive water resources man-
agement. For multiple wells and stream reaches, however, a
simulation-optimization technique might be more appropriate
due to complexities in finding optimal solutions according to
some criteria. An analytical or numerical simulation model is
combined with a mathematical optimization technique, which
allows identification of well locations and pumping schedules
that best meet management objectives and constraints. The
simulation model accounts for hydraulics of the stream-aquifer
system under a given management scenario, whereas the optimi-
zation model allows for defining the best management strategy
among possible scenarios. Some of these aspects are described
by Barlow and Leake (2012), but the subject of water resources
management is beyond the scope of this chapter.

9.2.3 Stream-Stage Fluctuations
and Baseflow Generation

An important problem of GWSWTIs is determining the stream-
bed and aquifer parameters. Because many pumping experi-
ments last from hours to months and require substantial effort
in data collection, a possible alternative is offered by the vari-
ability of the stream stage and resulting propagation of head
changes into the aquifer. Changes in recharge or transient
boundary conditions may result in baseflow changes. Analyses
of these perturbations in various locations may yield informa-
tion both on bulk aquifer properties and their heterogeneity.
There are four different types of such studies that do notinvolve
pumping: (1} assessment of bank storage effects, (2) baseflow
analyses, (3) river tomography, and (4) recharge from ephem-
eral streams.

9.2.3.1 Assessment of Bank Storage Effects

In conditions that are undisturbed by pumping, stream-stage
fluctuations are sources of perturbations in the GW regime.
Unlike analyses of pumping wells near streams, these fluctua-
tions can be treated as 1D, at distances on the order of the aqui-
fer thickness away from the streambed. The pioneering study by
Ferris (1951) estimated well response to the cyclic stream-stage
hydrograph. Then, Stallman (1962) developed a solution for well-
head response h(d, ¢) to a sudden change of stream stage s, from
an initial head h; as follows:

Wdyt)=h, + s(,erfc(%) 0.1)
2}

similar to Equation 94, where t, is equivalent to sdf (see
Equation 9.3). Typically, such perturbations operate at time-
scales from hours to months and propagate into the aquifer
perpendicular to the stream channel. To be detectable or com-
parable to s,, changes at a characteristic length scale d from the
stream to observation points/wells are detected by piezometric
variations, which can then be assessed at times t,<1, or t<t, =
ST after perturbation. This technique is often used because

The Handbook of Groundwater Engineering

of minimal needs for data collection, namely, only drawdown
responses h(d, t) in a piezometer s.

To estimate stream-stage function as a function of time hy(t),
well response can be obtained by a convolution integral (see
Barlow and Moench, 1999) as follows:

h(d,t)=.“d}:‘i’ir)erf6[ d
0

(9.12)
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Barlow and Moench (1999), Moench and Barlow (2000), and
Barlow et al. (2000) also provided a detailed summary of stud-
ies addressing the following aspects: temporal form of the
stream stage; numerical convolution techniques; specifics of
confined, unconfined, and leaky aquifer types; effect of nonlin-
earity in GW flow; comparison of 1D and 2D approximations
of GW equations; and examples of field applications. The least
developed aspect of these models was partial stream penetra-
tion; accuracy of solutions is low at distances on the order of
aquifer thicknesses b (e.g., Luther and Haitjema, 2000) due to
violations of Dupuit- Forchheimer assumptions. This issue was
partially addressed analytically by Zlotnik and Huang (1999)
using the Grigoryev (1957) streambed model that presents the
well response function to a sudden change of stream stage s, as
follows:

1 d
hid,t)=h; + +vfta ||, v=-="t
(d,1) so{erﬁ( o v 1” v B

(9.13)
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where By is defined by Equation 9.8 in general and by Equation 9.9
for small stream widths. Later, Chen and Chen (2003) investi-
gated effects of various assumptions numerically using examples
of similar geometry.

9.2.3.2 Baseflow Generation

Baseflow evaluation remains an important part of GWSWI
studies and one of the fundamental issues in modern hydrology
(Brutsaert, 2005). Unlike stage-initiated perturbations, base-
flow variations may be triggered by water table perturbations
(e.g., associated with infiltration from storm runoff), which
result in GW outflow changes. Baseflow variation and baseflow
rate Q,, can be described by various simplified stream-aquifer
models that in general obey the relationship

dQ, ,
—L =—aQl, Qu0)=Qj

W (9.14)

where
Qjy is the initial flow rate
a is the aquifer characteristic (reflecting hydraulic conductivy-
ity, thickness, storage properties)
bisa constant ranging from 1to 3 (Brutsaert and Nieber, 1977)
for a variety of reasons
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For b = 1, the equation represents exponential flow rate decay.
Much effort has been spent on identifying b in field studies for
interpretation of baseflow stages (e.g., Szilagyi, 2003; Chen et al.,
2006); however, uncertainty remains in the appropriate selection
among a variety of simple models (Brutsaert, 2005). The hope is
that this approach can be used for parameter identification from
readily available stream runoff observations.

9.2.3.3 Stream Tomography

Tomographic surveys (Yeh et al., 2008b) are a relatively new
approach designed for delineation of aquifer heterogeneity. Such
surveys of the subsurface use well-defined natural (e.g., stream
stage, earthquakes, tides) or artificial (e.g., injections of water
or air) hydraulic head perturbations at different locations. After
each perturbation, responses of a certain parameter in the sub-
surface are collected at a large number of locations. An inverse
model then synthesizes all the responses to generate a 3D model
of the distribution of hydraulic parameters in the subsurface,
These surveys produce more detailed information about the
subsurface than the more traditional model. Yeh et al. (2009)
suggested combining the multiple data sets of accurately defined
spatial and temporal stream-stage fluctuations and related sets
of aquifer head responses. In contrast to the previously dis-
cussed 1D analytical methods, this approach explicitly requires
a 2D or 3D framework. For example, Sophocleous (1991) and
Yeh et al. (2009) used 2D models and considered flood routing,
while Rétting et al. (2006) considered 3D but without routing
modeling. In both of the latter cases, the stream-aquifer inter-
face was treated by the Grigoryev (1957) model. Rétting et al.
(2006) and Yeh et al. {2008a) utilized geostatistical inversion,
while Sophocleous (1991) relied on sensitivity analyses. Both
Sophocleous (1991) and Rétting et al. (2006) relied heavily on
available stratigraphic data, while Yeh et al. (2008a) worked with
a synthetic aquifer, Apparently, the development of dense moni-
toring networks, advancements in inversion techniques, and
fusing data from geophysical techniques has substantial promise
for applications. For example, Rétting et al. (2006) supplemented
data from stream-stage analyses with pump test data that sup-
plied additional information for effective inversion.

9.2.3.4 Ephemeral Streams

If direct hydraulic connection between stream and aquifer is
absent along a stream reach, this reach can provide recharge to
the aquifer and is a major source of GW in arid regions of the
world (Shanafield and Cook, 2014). They identified seven meth-
ods for quantifying ephemeral and intermittent stream infil-
tration to the aquifer: (1) controlled infiltration experiments,
(2) monitoring changes in water content, (3) heat as a tracer of
infiltration, (4) reach length water balances, (5) flood wave front
tracking, (6) GW mounding, and (7) GW dating. Detailed analy-
ses of temporal and spatial scales and the advantages and limita-
tions of each method were illustrated with examples from the
literature. As is common, appropriate uses of each field method
can be enhanced using multimethod approaches, avoiding the
potential drawbacks inherent in any single method. Important
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challenges, however, still remain. These include parameter
uncertainty, long-term data collection and processes, role of
riparian vegetation, and matching transmission losses and infil-
tration estimates with actual aquifer recharge. Numerical mod-
eling of such streams is briefly addressed in Section 9.7.

9.2.4 Lake-Aquifer Interactions
and Flow Regime Identification

9.2.4.1 Definitions

Most of the concepts and terminology particular to the study of
SW-GW systems have evolved through attempts to describe and
classify steady-state GW flow systems near lakes. Lake-aquifer
interactions are inherently 3D and transient. The best-known
lake classification (Born et al., 1977) identifies lakes as recharge,
discharge, or flow-through, depending on the distribution and
direction of flow across the lakebed with respect to the aqui-
fer. Field methods of seepage across the lakebed are described
in Section 9.6. However, lake classifications generally compare
net inflow with net outflow from the lake. Recharge lakes lose
water across their entire lakebed and recharge the aquifer; dis-
charge lakes gain GW across their entire lakebed and discharge
the aquifer. Flow-through lakes lose water over part of their
lakebed and gain water over the other parts; at any instant, a
flow-through lake can be a source or sink for GW, depending
on the net balance between GW inflow to the lake and lake
water outflow to the aquifer. This approach also applies to pla-
yas (Rosen, 1994). Transient conditions may alter lake regimes.
To address complexity, theoretical analyses of such systems have
tended to assume steady-state frameworks for lake-aquifer sys-
tems (Townley and Trefry, 2000; Smith and Townley, 2002).

9.2.4.2 Water Table Configuration Effects

For classification of steady-state flow regimes of lakes, the
geometry of their GW flow nets can be used. These nets iden-
tify dividing streamlines, delineating zones of GWSWIin 2D as
local-, intermediate-, and regional-scale GW flow systems. This
approach originated from a hypothetical closed 2D GW basin in
a vertical cross section (T6th, 1963). Local systems are shallow,
small-scale flows that occur between adjacent water table highs
and lows (e.g., between a lake and adjacent water table mound
or depression). Intermediate-scale systems are typically deeper,
consisting of flow lines that extend over several high and low
water tables. Regional systems extend over the full length of
the basin near bedrock and along boundaries, and a flow model
shows the distribution of stagnation points on the flow net.
Winter (1978, 1999) explicitly applied this steady-state approach
to lake systems in 2D and 3D. A 3D example of a discharge lake
with a complex flow net is shown in Figure 9.4. The fundamen-
tal assumption was made that the water table is a replica of the
land surface and the lake is merely an element of the GW system.
Several studies, however, have shown that there are limitations
to this concept (Winter, 1986; Haitjema and Mitchel-Bruker,
2005; Gleeson and Manning, 2008), indicating more nuanced
relationships between GW recharge and terrain parameters.
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FIGURE 9.4 Steady-state 3D flow near lake with permeable lakebed: (a) plan view of a circular lake with areas of upward fluxes and (b) vertical
cross section. (Modified after Winter, T.C., Water Resour. Res., 14(2), 245,1978)

9.2.4.3 Water Budget Approach

In variance with classic approaches, Townley and Trefry (2000,
see also references therein) did not explicitly use water table
configuration. They singled out a shallow lake of radius a in a
regional system (Figure 9.5a) in a uniform, box-shaped aquifer
of known width (W), length (L), and thickness (b) with hydrau-
lic conductivity (K, and K, in horizontal and vertical directions,
respectively).

Instead of using water table data, they assumed that the GW
flow rates upgradient and downgradient from the lake (U_ and
U,, respectively) are known, together with fluxes at all other fac-
ets of the box, including GW recharge (R) on the upper boundary
and differences between evaporation (E) and precipitation (P) on
the lake surface. At high resolution, a finite-difference method
for computing head distribution and particle tracking allowed for
delineation of capture and discharge zones in 3D (Figure 9.5b).
Using a steady-state model, Smith and Townley (2002) and
Townley and Trefry (2000) developed an approach for the identi-
fication of discharge, recharge, and flow-through regimes for var-
ious combinations of lake-aquifer parameters and illustrated the

U+
e

(a)

corresponding flow patterns in the vertical plane of symmetry in
a 3D flow field, defined by dimensionless parameters (RL)/(U, b),
(U, /U.), and lake diameter/aquifer thickness ratio a/b.

Important characteristics of GWSWIs for lakes included
seepage magnitude along the lake circumference, role of regional
aquifer setting, lakebed resistance, aquifer anisotropy, lake elon-
gation, and transient GW flow. Their results are briefly outlined
below.

Seepage along the lake edge: McBride and Pfannkuch (1975)
and Pfannkuch and Winter (1984) showed high fluxes near the
lake shore using 2D models, but some 3D details were missing.
High-resolution computations by Townley and Trefry (2000)
clearly illustrated the 3D nature of seepage along the lake shore
in a typical case of a flow-through system (Figure 9.6). The mag-
nitude of vertical fluxes along the circumference of the lake
varies, being largest (V;™) near the upstream and downstream
margins, but opposite in sign, and varying between positive and
negative extremes with zero fluxes at intermediate points on
the shore. Only adequate grid resolution can address flux dis-
tribution numerically (see Genereux and Bandopadhyay, 2001;
Bakker and Anderson, 2002).

GW recharge

Lake

(b

FIGURE 9.5 Shallow lake of radius a, embedded in a box-shaped aquifer: (a) upgradient and downgradient GW flow rates (U, and U_, respec-
tively), GW recharge R, and lake water budget (E-P); (b) upstream capture zone and downstream discharge zone. (Modified after Townley, L.R.

and Trefry, M.G., Water Resour. Res., 36(4), 935, 2000.)
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FIGURE9.6 Schematic depiction of the flux magnitude along the cir-
cular lake circumference. Horizontal lake surface is shown in black and
the flux magnitude and direction in different points are shown by the
height of the gray cylindrical surface. (Modified after Townley, L.R. and
Trefry, M.G., Water Resour. Res., 36(4), 935, 2000.)

Regional aquifer setting is important for analyses of inter-
actions between a single shallow lake and the regional aquifer
system (Smith and Townley, 2002). In general, lakes positioned
downgradient in a closed GW basin have stronger components
of GW inflow (Cheng and Anderson, 1994).

Lakebed resistance, aquifer anisotropy, and lake elongation
are important for constraining the flux distribution across the
lakebed (Nield et al., 1994) because increased sediment resis-
tance, anisotropy (K,/K), and a/b ratios shift stagnation points
downward. Decreased lakebed resistance and K,/K,, as well as
increased length compared to the aquifer thickness, favors flow-
through regimes.

Transient regimes result from (1) GW flow response to tran-
sient recharge and boundary conditions at the watershed and
(2) lake response to climatic forcing. In such cases, the devel-
oping flow regimes must be described by streaklines instead of
streamlines (Bear, 1972). Numerical modeling by Anderson and
Munter (1981) and Townley (2015) indicates that shifts between
flow-through and other regimes may be rapid.

Regional water table

\ Local water table
w—
Flow
irection
oles - Aquifer base /

L

FIGURE 9.7 GWSWI between lake and unconfined aquifer: (a) aquifer,

culating the gradient ratio G. (Modified after Zlotnik, V.A. et al., J. Hydrol.
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9.2.4.4 Consideration of Water Table
and Water Budget Properties

It should be noted that the water table, required by classic mod-
els (e.g., Winter, 1978), is a more easily measured aquifer prop-
erty than the upstream and downstream GW flow rates needed
for models based exclusively on water budget (e.g., Townley and
Trefry, 2000). The reason is due to noise in water table data
(or any other piezometric data), which is strongly amplified in
spatial derivatives needed for estimating upstream and down-
stream GW discharge and especially for comparison of U_and U.,.
A combined approach can utilize the water table as a GW flow
and lake-aquifer exchange driver and take into account the water
budget for an individual lake. Zlotnik et al. (2009) considered a
conceptual steady-state model of a shallow lake embedded in an
unconfined aquifer (Figure 9.7a) and suggested that flow-through
regimes develop when regional GW flow exceeds capture of water
by the lake, resulting from lower water level compared to the
regional water table. A robust criterion for distinguishing flow-
through and discharge regimes is based on a dimensionless gradi-
ent ratio G = i/(H/a), where i is the regional head gradient or slope
of the regional piezometric surface, a is the lake radius, and H is
an offset between the lake center and regional water table. This
offset is a product of regional water table topography and hydro-
logical conditions. (In arid conditions, this offset is positive, but in
humid conditions, H will have an opposite sign.)

If G exceeds some critical value G, which is a function of
dimensionless aquifer thickness b =b(K,/K,)"*/a, the flow-
through regime is present. In this case, captured ambient flow
overwhelms the evaporative losses that operate as a pumping
from a shallow, large-diameter well. Otherwise, all captured
ambient GW is balanced by evaporation. This criterion indi-
cates that the decrease in anisotropy and (or) aquifer thickness
and (or) increase in lake radius facilitates the existence of flow-
through regimes (Zlotnik et al., 2009), which is consistent with
the findings of Nield et al. (1994), but emphasizes the role of the
water table configuration.

water table, and lake geometry; here h, > h, and (b) parameters for cal-
» 371,22, 2009.)
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9.2.4.5 Applications of Lake Classifications

Transient recharge and boundary conditions, heterogene-
ity, water table topography, lake bathymetry, and other factors
have strong influences on the magnitude and direction of water
fluxes. Field methods of determining local water fluxes are elu-
cidated in Section 9.6. Hydraulics of lakes at watershed scales
is commonly addressed using modeling of piezometric heads
only (Anderson and Munter, 1981 Cheng and Anderson, 1994).
For example, Smerdon et al. (2007) presented a study includ-
ing detailed system characterization, long-term observations,
with consideration of geology and local climate, and modeling
including calibration. This study, conducted at the scale of sev-
eral km?, utilized an integrated watershed model involving the
vadose zone, land surface hydrology, GW, and lake. The high-
resolution model (243,000 subsurface prism elements) showed
GW flux distribution over the lakebed consistent with Winter
(1978) patterns, similar to Figure 9.4a.

Starting from Krabbenhoft et al. (1990a,b), lake studies
supplement modeling with geochemical methods (e.g., Hunt
et al., 2005). Turner and Townley (2006) applied water budget
approach to classification of lakes in Perth, Australia, explic-
itly, following the approach by Townley and Trefry (2000).
With developments in geophysics, lake classification studies
combining the water table and water budget analyses can use
electrical resistivity and electromagnetic methods. For exam-
ple, Ong et al. (2010) and Befus et al. (2012) applied geophysi-
cal methods explicitly for lakes in western Nebraska, United
States.

9.3 Hyporheic Zone
9.3.1 Definitions

The term “hyporheos” was coined by Orghidan (1959) to describe
the organisms living in pore spaces formed within the mixture
of coarse sand, gravel, and rocks in the shallow subsurface near
streams and rivers. Hyporheos originates from the root words
“hypo” (meaning below) and “rheos” (meaning flow), literally
describing the areas below and adjacent to flowing water bodies
(Orghidan, 1959). Since this first appearance in the literature, the
HZ has been more broadly defined based on a host of physical,
chemical, and biological metrics.

Biological and ecological definitions have focused on the
presence or activity of biological organisms (Stanford and Ward,
1988, 1999, 1993} or the presence of a dynamic subsurface eco-
tone (Gilbert et al., 1990; Vervier et al., 1992; Boulton et al., 1998).
Physically based definitions include the saturated sediments
beneath or adjacent to a stream (Valett et al., 1990; White, 1993;
Winter et al., 1998; Findlay and Sobczak, 2000) or the area in the
subsurface affected by flowpaths of SW returning to the stream
(Valett et al., 1993; Findlay, 1995; Harvey et al., 1996; Wroblicky
et al., 1998; Wondzell and Swanson, 1999; Harvey and Wagner,
2000; Woessner, 2000; Storey et al., 2003). Chemically based
definitions focus on the mixing percentage of SW versus GW
in subsurface flowpaths, with 10% or more SW typically being
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considered the lower threshold for hyporheic flow (Triska et al,,
1989; Wondzell and Swanson, 1996).

Hydrologists typically define HZ flow as SW entering subsur-
face flowpaths that return to the stream, thereby crossing the
streambed interface more than once. In contrast, GW fluxes are
generally envisioned as crossing the interface only once (either
discharging from subsurface to stream or recharging from
stream to subsurface). Also, GW fluxes may originate in areas
other than the stream (e.g., recharge of precipitation on uplands).
These distinctions between HZ and GW fluxes may depend on
spatial and temporal variability of the HZ and may be affected
by the length of the stream reach under consideration, which
may introduce difficulties in establishing a rigid definition of the
HZ. Harvey and Bencala (1993) used a mass balance approach
to distinguish HZ fluxes within a reach from GW exchanging
with areas outside the study reach. Still, even with a precise defi-
nition, very long hyporheic flowpaths that leave the stream in
one reach and return to the stream in another reach could be
difficult to distinguish from GW fluxes. Larkin and Sharp (1992)
used both flowpath length and timescale to distinguish the HZ
from larger-scale and longer-term interactions of GWSWIs.
Proposed definitions including a temporal scale have included
the GW volume hydraulically interactive with the channel over
timescales on the order of hours (Stanford and Ward, 1993) and
days (Wroblicky et al., 1998).

Following Brunke and Gonser (1997), we suggest the follow-
ing definition: the HZ (1) is in the subsurface, (2) near a stream,
(3) influenced by SW, (4) including water flowpaths that return
to SW, and (5) within a temporal and spatial scale relevant to the
process of interest and fluvial structure. This definition notably
encompasses spatial and temporal variability by suggesting the
HZ may be differently defined for varied scales or processes of
interest.

9.3.2 HZ as Part of a Nested Hierarchy
of Hydrological Systems

HZs are one part of the interconnected elements of a hydro-
logical landscape (Winter et al., 1998). In contrast to the view
of hydrological elements as individual, isolated elements
(e.g., GW, streams, lakes), the perspective of hydrological land-
scapes considers a continuum of interacting hydrological ele-
ments. The HZ, then, exists at the interface between the flowing
SW and GW as part of this hydrological landscape. HZs are
nested within the landscape with controls and processes span-
ning several spatial and temporal scales.

Hyporheic exchange is scale dependent. Therefore, a hierar-
chical approach allows the study of a process of interest at a scale
of interest, while recognizing that other processes are operating
concurrently at other scales. Given the physical controls of hypo-
rheic exchange, natural break points may exist between scales of
interest (Dent et al,, 2001), which may align with geological or
geomorphological hierarchies (Valett et al., 1997). Theoretical
(Téth, 1963) and empirical (Dahm et al., 1998; Fisher et al., 1998)
results identify generally local, intermediate, and regional scales
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of GWSWIs. Indeed, any hierarchal classification of hyporheic
exchange must fit within existing, well-established systems of
geomorphic (increasing stream size) and hydrologic (flowpath
length) concepts (Stanley and Jones, 2000).

Specific to hyporheic exchange, a small number of hierarchal
relationships have been put forth for consideration. Hyporheic
corridor concept by Stanford and Ward (1993) links spatial rela-
tionships between chemical, physical, and biological character-
istics attributed to the HZ, loosely linking these to yet another
hierarchy, Strahler stream order. Subsequently, Dent et al. (2001)
proposed a hierarchy well linked to existing concepts, which
includes five levels (from largest to smallest spatial scale): seg-
ment, reach, channel unit, channel subunit, and particle. Indeed,
recent reviews consider the drivers of hyporheic exchange across
these spatial scales (Kaser et al., 2009; Wondzell and Gooseff,
2013; Boano et al., 2014), Gomez-Velez and Harvey (2014) pro-
posed a scaling of hyporheic flow through river networks based
on how physical features of channel evolve in the downstream
direction. The scaling of downstream hydraulic geometry and
the downstream fining of sediments and their effects on the
hydraulic properties of the surrounding aquifers determine how
hyporheic exchange varies from low- to higher-order streams.

9.3.3 Functions of HZs in the Aquatic Systems

9.3.3.1 Interactions of the Physical, Chemical,
and Biological Systems

The HZ provides a host of functions to the stream ecosys-
tem. A key review of hyporheic functions has been written by
Brunke and Gonser (1997), Boulton et al. (1998), Sophocleous
(2002), Krause et al. (2011), and Merill and Tonjes (2014). These
functions are the characteristic of the physical, chemical, and

Dissolution and precipitation modify
physical structure of interstices

Transient storage and SW-GW
exchange slow/dilute solute pulses
and provide contact time for
chemical reactions

Physical

Mediate fluvial

processes (gradients) e
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biological systems that interact and cooperate in the environ-
ment (Figure 9.8).

They vary widely in their study, scales, drivers, and ability
to parse one from the others. It is the specific combination of
physical, chemical, and biological systems that give rise to the
HZ as a unique landscape element. The ecological importance
of hyporheic exchange primarily arises from the combination
of rapid reaction rates with exchange flux or the intersection of
processes and transport (Vidon et al., 2010). This perspective
is parallel to that widely used in the study of wetlands, where
wetlands are defined by their unique combination of physical,
chemical, and biological conditions. Indeed, the interaction of
the physical, biological, and chemical systems is necessary to
sustain any hyporheic function (Boulton et al., 1998; Battin et al.,
2008; Pinay et al., 2009).

9.3.3.2 Physical Functions

The physical system sets the initial template upon which hypo-
rheic exchange may occur (Battin, 1999, 2000; Ward et al., 2011);
that is, physical transport is a convenient starting point for the
analysis of the hyporheic system, with feedbacks and feedfor-
wards with chemical and biological systems inferred from these
initial conditions. We acknowledge that the physical system is
intimately linked to other systems at other scales; for example,
a newly fallen tree (biological system, in a broader context) may
cause stream water to pool, creating a newly enhanced head
gradient and new flowpaths. Still, the physical transport along
hyporheic flowpaths is the basis of mixing of SW and GW in
this interface.

Harvey and Wagner (2000) note that one key function of
hyporheic exchange, as a physical process, is in keeping SW in
close contact with the biogeochemically reactive subsurface.

Biota/biofilm type and growth
dependent on solute present

Production uses/transforms
solutes and carbon

Biological
Ecosystem

Physical structure and stability limit what Biota modify physical structure of

biota and biofilms will be present

FIGURE 9.8
processes,

interstices through movement and
colmation

The interaction of physical, chemical, and biological systems in the HZ gives rise to a host of ecological functions and ecosystem
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The key physical function of the HZ is the regulation of energy
and material fluxes and residence times at scales ranging from
individual flowpaths to stream reaches. Commonly, studies of
the HZ have focused on transit time distributions at the reach
scale, where exchange of water happens between the advection-
dominated main channel and slower-moving domains, includ-
ing in-stream dead zones and HZs. In these slower-moving
domains, water from the stream channel has extended contact
time with biogeochemically active HZs.

Hyporheic exchange flux, in turn, regulates the transport of
water, energy, and materials (e.g., organic carbon) between the
stream and subsurface. As water flows along hyporheic flow-
paths, hydrogeologic properties (i.e., hydraulic conductivity,
porosity, tortuosity) and hydraulic drivers (i.e., hydraulic gradi-
ent) control the residence time of water along hyporhehic flow-
paths. Contact time with hyporheic sediment, and the delivery
of limiting reagents from the stream to the subsurface, gives rise
to a host of chemical and biological functions described in the
subsequent sections. Finally, hyporheic hydraulics control the
flushing of products from the HZ to the stream.

While the discussion earlier is focused primarily on water
and the transport of dissolved species, HZs also regulate the
exchange of thermal energy between the stream and subsur-
face. Arrigoni et al. (2008) describe hyporheic interactions as
buffering, lagging, or cooling stream waters (i.e., adjusting the
mean value, phase, or amplitude of temperature differences
between the cool subsurface and SW). Indeed, thermal pro-
cesses in the stream have key linkages to biological functions,
where cool hyporheic water provides a permanent and tempo-
rary habitat used by a host of species, as discussed further in
Section 9.3.3.4. Finally, HZs provide physical filtration of stream
water (Brunke, 1999).

9.3.3.3 Chemical Functions

The chemical system mediates both chemical and biogeochemi-
cal functions of the HZ and is a source of some of the most
critical ecosystem functions provided by hyporheic exchange
(e.g., sequestration of heavy metals, denitrification). The chemi-
cal system transforms fluxes of materials from both SW and GW
asit is transported across gradients of physical and chemical con-
ditions (e.g., temperature, redox, pH; Triska et al. (1989)). While
the physical system controls the fluxes of water into and along
HZs, the chemical system transforms these material fluxes. HZs
may be important locations of mineral dissolution or precipita-
tion based on chemical conditions and mineral composition.
Many HZ functions are primarily attributed to the substan-
tial contact time between SW and the biogeochemically active
subsurface, where microbial activity is key to mediating chemi-
cal processes in the subsurface. Solutes are generally retained
initially by physical and chemical transient storage, while biotic
uptake dominates the process of retention at longer times-
cales (Bencala et al., 1984; McDowell, 1985; Triska et al., 1989,
Kim et al., 1992). Microbial processes contribute to the chemi-
cal function of the HZ, but note that it is, indeed, the unique
interaction of chemical and biological spheres that enables these
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microbial communities to exist and give rise to these functions.
For example, HZs are a key source of reach-scale stream respi-
ration, processing both natural and anthropogenically sourced
organic matter. Redox gradients generated from microbial res-
piration drive a host of other reactions, including denitrifica-
tion. The aerobic-anaerobic transition between the stream and
subsurface has also been documented to retain heavy metals
(Gandy et al,, 2007).

In addition to biogeochemical processes, the chemical sys-
temn has a direct impact on both physical and biological sys-
tems. Physically, the chemical system controls weathering of
hyporheic minerals or active porosity. Biologically, the chemi-
cal system mediates chemical conditions necessary to support
life (e.g., upwelling of cool, well-oxygenated water for spawning
habitat, cycling of nutrients that control primary production).

9.3.3.4 Biological Functions

The HZ contributes to both primary and secondary production
in the stream ecosystem. Primary production includes a micro-
bial community in the stream and on the streambed. As noted
in Section 9.3.3.3, microbial communities catalyze an array of
biogeochemical processes integral to carbon fluxes and nutri-
ent cycling in sediments of aquatic ecosystems (Chapelle, 1992).
Biofilms may temporarily buffer embedded bacteria from fluc-
tuating resource supply. Notably, physical characteristics govern
the surface area for biofilm formation and greatly influence both
resource availability and predation pressure to biofilms (Findlay
and Sobczak, 2000). At larger scales, HZs support primary pro-
duction in the stream channel. Upwelling water can be enriched
in nutrients by storage and mineralization. This hyporheic deliv-
ery can increase algal standing crop and shorten recovery times
after disturbance and thus enhance the resilience of primary
producers (Valett et al., 1994). Exchange with subsurface zones
can affect primary production in the stream, mainly due to
enhanced nutrient concentrations at upwelling and outwelling
zones (Dent et al., 2000, Chapter 16). Secondary production in
the stream is also supported by hyporheic exchange. Hyporheic
invertebrates are prey for fish and generate nutrients for in-
stream and riparian production {Boulton, 2007). Additionally,
the grazing consumers in the stream may benefit from this sup-
plementation, and hence upwelling exerts a control on second-
ary production (Ward, 1989).

Additionally, the HZ was initially studied as a unique eco-
system existing between the SW and GW, supporting a com-
plex food web. Hyporheic organisms are abundant in the HZ,
with at least some species uniquely adapted to commonly low
oxygenlevels (Hakenkamp and Palmer, 2000). These organisms
provide a link between the microbial community (where they
act as predators) and the macroinvertebrate and higher trophic
levels (where they are prey). The presence of these meiofauna
may interact with rates of microbial processes by enhancing
the availability of limited resources in the subsurface. At the
next highest trophic level, a class of macroinvertebrates exist,
which are uniquely adapted to spend a majority of or their life
in the HZ.
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Finally, HZs provide a temporary habitat for organisms that
primarily exist in the stream. Some insects may use HZ as a
refuge against strong currents (shear stress) and extreme tem-
peratures (during winter ice formation on the stream bottom
and physiologically dangerous surface temperatures in sum-
mer) and offer stable substrates during bedload movement. The
HZ also provides predictable conditions for the development
of fish embryos, for the immobile life stages of insects (Pugsley
and Hynes, 1986). Furthermore, the HZ may provide protection
from large predators (Brunke and Gonser, 1997) or even anthro-
pogenically induced toxic pulses (Jeffrey et al., 1986).

9.3.4 Controlling the HZ Functions

The physical, chemical, and biological functions of HZs are
critical to healthy stream ecosystems. The U.S. Army Corps
of Engineers and the U.S. Environmental Protection Agency
have issued new guidance for the regulation of the waters of
the United States (Department of Defense and Environmental
Protection Agency, 2014). In particular, the near-stream envi-
ronment, including HZs, riparian zones, and wetlands, may
now be regulated under the Clean Water Act due to their clear
relationship with the physical, chemical, and biological integrity
of traditionally regulated waters.

Interest in the restoration of ecosystem functions, particularly
via stream restoration, is growing rapidly (e.g., Bernhardt et al.,
2005). A number of recent studies suggest hyporheic restora-
tion as a path forward for promoting healthy stream ecosystems
(e.g., Bernhardt and Palmer, 2007; Boulton, 2007; Boulton et al.,
2010; Hester and Gooseff, 2010, 2011; Krause et al., 2011; Ward
et al., 2011; Merill and Tonjes, 2014). With a widespread inter-
est in hyporheic restoration, there are few studies comparing
the performance of natural and artificial structures in terms of
ecosystem benefits, including Lautz and Fanelli (2008), Daniluk
et al. (2013), and Gordon et al. (2013). In conclusion, restoration
of hyporheic exchange may be possible, if the objectives and rele-
vant timescales are clearly defined and structures are engineered
for this purpose (Ward et al., 2011).

9.4 Chemical Interactions
between GW and SW

Water fluxes across interfaces and chemical interactions
between GW and SW interactions have been characterized
using models of various levels of sophistication, ranging from
simple water mass balance models (e.g., Krabbenhoft et al.,
1990b) to fully dynamic implementations of the advection-dis-
persion equation with time-varying hydrologic and chemical
inputs and complex reaction expressions (e.g, Runkel et al.,
1996a,b; 1999). Simple approaches are illustrated here that are
widely applicable to any SW body in contact with saturated
permeable sediments where water budgets can be constructed.
Mass balance approaches are a practical means for quantifying
water and solute mass fluxes across the GW-SW interface that
are difficult to measure over large areas.
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The mass balance approach relies on the rapid mixing in SW
compared to GW. As a result, SW tends to integrate the physical
and chemical signatures that can be used to quantify GWSWIs.
The wide availability of existing SW data and generally easier
data collection compared with GW are also the benefits of con-
structing mass balances around a SW control volume, In addi-
tion to the principal use of the mass balance to quantify GW
and SW exchange fluxes, this method can be used for quanti-
fying chemical reactions in the waters being exchanged across
the sediment interface. Streams provide the most ubiquitous
examples; however, the equations are general and can easily be
applied wherever a hydraulic connection to GW exists (rivers,
wetlands, lakes, or estuaries). This section provides fundamen-
tals of chemical GWSW interactions, and field applications are
relegated to Section 9.6

9.4.1 Water and Chemical Mass
Balance near Interface

Streams interact with surrounding aquifers in three principal
ways: they may receive GW discharge, or they may recharge the
GW system, or they may interact by both receiving GW dis-
charge and recharging the aquifer simultaneously in different
areas of the stream (Winter et al,, 1998). The water balance for
a stream can be expressed in terms of the rate of change in SW
storage in a stream, which is defined as the sum of the inflow
rates minus the outflow rates in a given stream reach

%:Q(O,t)JngLJrQLZ-Q(LJ)‘ o — Q"

(9.15)
where
tis the time [T]
x is the distance [L] along the reach’s centerline with x = 0
upstream and x = L downstream
L is the length of stream reach over which exchange fluxes are
averaged
V is the volume of stream water [L7]
Q(x, t) is stream volumetric discharge at a distance x [L3T-]
Qg and Qy, are GW volumetric flux and hyporheic volumet-
ric flux [L*T""], respectively, which are assumed not to vary

spatially

Superscripts on GW and hyporheic fluxes designate the dis-
charge components, into, and the recharge components, out
of, respectively, the stream reach. GW discharge and recharge
fluxes per unit area of streambed [LT™] are easily calculated
by dividing total fluxes by the product of reach length and the
average stream width. Only surface-subsurface exchange fluxes
are considered here. However, other exchange fluxes could be
added to equations to distinguish tributaries, springs, seeps,
etc. Precipitation and evapotranspiration fluxes are generally
neglected in stream mass balances because of small surface area
and short water residence times; however, these fluxes are easily
included for wetland and lake mass balances.
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For practical applications, Equation 9.15 is often simplified by
assuming that flow in the stream is steady or nearly so, which
eliminates the storage term, that is, dV/dt = 0, and constrains
the accuracy of a mass balance by field measurements of stream-
flow. Surface flows are typically measured by a combination of
velocity gaging and solute tracer-dilution techniques, leaving
the more difficult to measure GW exchange fluxes to be solved
for by difference. Note that Equation 9.15 has too many sub-
surface fluxes to solve for individual subsurface components by
difference. The equation can be simplified by assuming that the
stream reach is long enough to encompass many small hypo-
rheic flowpaths that enter and leave (Figure 9.9), with the net
effect being zero during steady flow, that is, Qi —QP¥ =0, such
that, at steady state

0=Q(0)+ Qg ~ QL) - Qg (9.16)

Rearrangement of Equation 9.16 defines a net GW exchange
in the stream reach

= QL) -Q(0) = Qp, — Qg (9.17)

Equation 9.17 is the basis of a commonly used technique referred

to as “differential stream gaging” or sometimes known simply
as “seepage run” (Riggs, 1972). In essence, the technique uses

FIGURE 9.9
interactions. GW exchange flows enter (GW discharge) or leave (GW
recharge) the stream reach along unidirectional flowpaths as compared
with hyporheic exchange, which leaves and then reenters the stream
along many short flowpaths. Any imbalance in GW discharge and
recharge may cause a change in streamflow and may alter solute concen-
trations and mass fluxes. At steady state, many bidirectional exchanges
with hyporheic flowpaths are commonly assumed not to affect water
balance or mass fluxes of conservative solutes, although reactive solutes
may be strongly affected by hyporheic exchange.

Mass balance analysis of stream-subsurface water
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differences in streamflow to quantify SWGI. It can be confusing
that differential gaging does not actually estimate magnitudes of
GW discharge and recharge because there is only enough infor-
mation to solve the mass balance equation for the difference
between discharge and recharge in streams. Differential stream
gaging has sometimes been incorrectly used to estimate GW
discharge (e.g., Cox et al., 2002), which is accurate only if GW dis-
charge and recharge do not co-occur in the reach (Harvey and
Wagner, 2000). It is widely recognized that GW discharge and
recharge often co-occur in different zones of the same SW body,
for example, in streams that flow at an angle across a regional
gradient in GW hydraulic head. In such cases, GW discharge
typically occurs on the upgradient side and GW recharge occurs
on the downgradient side. Therefore, in the absence of additional
evidence demonstrating that either recharge or discharge is zero,
differential gaging is best interpreted as an estimator of the net
difference between GW discharge and GW recharge, Q- o -

To quantify both discharge and recharge to a stream using
mass balance, an additional constraint is needed such as an inde-
pendent information provided by a solute tracer. Combining an
equation for water mass balance with an equation for chemical
mass flux will allow a solution for both GW discharge and GW
recharge by solving for two unknowns in two equations. The
chemical mass balance equation expresses the rate of change in
storage of solute mass M in the reach with the sum of the solute
inflows minus the sum of the chemical outflows

dM in ~in in ot 7~ oul 7~
—dt_ = Q(O’t)C(O) t) + ngng + Q)xzchz - Q(Lyt)C(Lat) - ng’c - Qh; C
(9.18)

where
C(x, 1) is the solute tracer concentration [ML~] at distance x

attime ¢
Ci, is the average concentration in discharging GW
C,, is the concentration in the HZ
C is the average concentration in SW

The concentrations C and C,, are often difficult to estimate for
transient conditions, which may necessitate more advanced
modeling (see Section 9.4.3).

For steady mass transport conditions (i.e., dM/dt = 0}, hypo-
rheic terms are canceled because the solute mass fluxes into and
out of hyporheic flowpaths are equivalent, that s, QrCy, =QC

0 =Q0)C(0)— Q(L)C(L) + Qi Cin, — Q' C (9.19)

where C is the average of measurements at upstream and down-
stream end points because stream concentration changes lin-
early through the reach.

Both GW discharge and GW recharge fluxes are quantified by
combining the steady-state water mass balance, Equation 9.16,
with the steady-state solute mass flux, Equation 9.19, and solving
for two unknowns using backward substitution. The first step

is to rearrange the solute mass balance equation to express Qv
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o _ QUC(L) = Q(O)C(0) + Qi Cin
& E

(9.20)

The right-hand side of Equation 9.20 is substituted for Qg in
the water mass balance equation (Equation 9.16), which pro-
duces an expression with only one unknown, Q;i,. In a final step,
the water mass balance equation (Equation 9.16) yields Qg after
inserting the value of QL’L in Equation 9.16 or Equation 9.20 to
solve for Qg,/.

Uncertainties of the resulting estimates of GW discharge and
recharge can be estimated using first-order assumptions. Errors
associated with each individual measurement are assumed to be
independent and propagate in calculations based on two or more
measured variables according to simple rules based on assump-
tions of independence of errors. Examples of calculating error
terms associated with coupled GW-SW mass balances for lakes,
streams, and wetlands are given in Winter (1981b), Krabbenhoft
et al. (1990b), and Choi and Harvey (2000).

Time-varying GW exchanges can be calculated from water
and solute mass balances if field data (e.g., water level and
concentration data) allow estimation of the change in storage
terms. For example, Choi and Harvey (2000) solved the tran-
sient water and solute balance equations using Equations 9.15

and 9.18 to quantify time-varying GW discharge and recharge

253

fluxes and their associated uncertainties. The work was per-
formed in a large constructed wetland that is designed to
remove phosphorus before water enters the Everglades in south
Florida (Figure 9.10).

Applications of mass balance models to quantify in-stream
and subsurface reactions may be found in Mulholland (1992),
who examined nutrient uptake in a forest stream, and Kim et al.
(1995), who examined biodegradation of toluene in a contami-
nated stream.

9.4.2 Chemical Mass Transport across Interface

The mass balance approach has been used to estimate fluxes
and reaction rates near the interface between GW and SW. The
approach discussed here emphasizes the quantification of hypo-
rheic fluxes and residence times, mixing with GW, and subsur-
face reaction rates. The approach builds on early work by Triska
et al. (1989), Bourg and Bertin (1993), and Valett et al. (1996) and
specifically follows Harvey and Fuller (1998) and Harvey et al.
(2013).

For a steady flow condition, the SW that crosses the interface
has a solute concentration reflecting the mixing between SW
and GW

Chz = fswcsw + fgwcgw (921)
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FIGURE 9.10 A dynamic water and solute mass balance approach quantified both GW discharge (G) and recharge (G,) with uncertainty esti-
mates in a large (1544 ha) wetland constructed for water treatment on agricultural land formerly a part of the Everglades, south Florida: (a) GW
recharge nearly always exceeded discharge and varied with time, being generally greater in fall and lower in summer, (b) GW discharge was gener-

ally small except for a few brief time periods.

(Continued)
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FIGURE 9.10 (Continued) A dynamic water and solute mass balance approach quantified both GW discharge (G) and recharge (G,) with uncer-
tainty estimates in a large (1544 ha) wetland constructed for water treatment on agricultural land formerly a part of the Everglades, south Florida:
(¢) discharge occurred on the east side of the wetland adjacent to a water conservation area where water level was maintained at a relatively high
elevation, whereas recharge occurred on the west side adjacent to drained farmland. (Used from Choi, J. and Harvey, J.W., Wetlands, 20(3), 500,

2000. With permission.)

where
C denotes the concentration of any conservative solute
fowand f,, are mixing fractions of water contributed from SW
and GW, respectively

Subscripts denote the measured concentration in the hyporheic
zone (hz), the end member concentrations of SW (sw) entering
the HZ from above, or deeper GW (gw) entering with a GW
flux from below. The mixing fractions are estimated from mea-
surements of the steady-state concentrations of a conservatively
transported solute tracer (e.g., specific conductivity or bromide)

Ch: —Cyn
0 W =1- sw
Csw—cgw fg f

for = (9.22)

For a reactive solute, the concentration in the HZ may be affected
by both mixing and reaction according to

Cllxz = fswC;w + fgw ;rw _C;z (923)
where
Cj. is the average HZ concentration of a potentially reactive
solute

Cs. and C, are the SW and GW end member concentrations
of the potentially reactive solute, respectively

Cr, is the mass concentration of the solute lost or gained by
reaction in the HZ, with dimensions [ML-3]

To quantify reaction rates using Equation 9.23, an estimate
of the subsurface residence time is needed. For example, for
a constant-rate injection of a solute tracer into the stream,
the median subsurface residence time, 1, is estimated as the
elapsed time from the first arrival of the tracer in the stream to
the time at which the subsurface tracer concentration achieves
the 50th percentile concentration relative to its eventual plateau
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concentration. The hyporheic water flux across the streambed
is estimated as

dh:e

hz

(9.24)

q hz =

where
9y, is the flux of water per unit area crossing the streambed
interface, with dimensions [LT"]
8 is the sediment porosity
d,, is the depth of the measurement below the streambed

The mass concentration of the solute Jost or gained by the reac-
tion in hyporheic flow is calculated by dividing Cy, by the hypo-
theic water residence time 1,,,, which expresses the reaction rate
per unit volume of water [ML3T"]
"
T = 9Lz_ (925)
Thz

Typically, there is interest in expressing the reaction rate as a
vertical mass flux of the reactant crossing a unit area of stream-
bed, which is referred to as the reaction flux, U,,

Up, = C:zqm =——— =f.d),,0 (9.26)

A useful expression of the strength of a reaction that can be
compared between different streams with different concentra-
tions of reacting solutes is the first-order (concentration depen—
dent) reaction rate coefficient where the coefficient, A, [T], i
related to Cy, as follows:

Che = Cra(1— 7M7) 9.27)
where é,,z is defined as the expected concentration for nonreac-
tive transport in the HZ. é‘,,z is calculated using Equation 9.23,
which accounts for the dilution effect of mixing between SW
and GW in the HZ (i.e., Cy, is set to zero). The reaction rate coef-
ficient is solved for by rearranging Equation 9.27

~In {(éhz - C}Tz )/éhz :l
}\'hz =

Thz

(9.28)

The analysis of subsurface fluxes and reactions based on a
single subsurface sampling point generally will only provide an
accurate estimate if unidirectional subsurface flow occurs and if
reaction rates are constant with depth. These assumptions could
be appropriate for GW recharge, but generally the fluxes near
the interface are more complicated and involve mixing between
GW and hyporheic flow. Hyporheic flowpaths, for example, are
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generally distributed as a set of shallow flowpaths nested with
deeper subsurface flowpaths, with flowpaths at greater depths
contributing a diminishing fraction of the overall flux. Physically
based models of hyporheic flow by Elliott and Brooks (1997) and
Boano et al. (2007) support the hypothesis that hyporheic flux
decreases rapidly as a function of depth in the HZ (e.g., model
fluxes decrease exponentially), which is consistent with field
observations indicating an exponential or lognormal decrease
in flux as a function of depth (e.g., Jonsson et al., 2003; Harvey
et al., 2013). Therefore, a single sampling depth potentially only
represents a small part of the HZ, and calculations using data
from a single sample depth may underestimate water fluxes and
chemical reactions, especially if the sample point is located deep
in the HZ where transport is slower.

Improved accuracy in field estimation of hyporheic flow is
possible by sampling with multiple subsurface points deployed
vertically at different depths and then using flux weighting to
combine the results. The needed flux weighting functions are
easily estimated from data or, alternatively, could be fit with
theoretical weighting functions such as exponential or lognor-
mal functions. Estimating a depth weighting function from field
data is simplified by assuming that fluxes to each layer are inde-
pendent. For these conditions, the total hyporheic flux across
the sediment interface is the sum of the individual mass fluxes
reaching each layer

DY Y

- Thzr

(9.29)

where

gi% is the sum of contributions from total n layers

Qiz» Where d,_; is the thickness of the ith layer

0, is the sediment porosity of the ith layer

T,.; is the subsurface water residence time in the ith layer
measured as previously defined (i.e., elapsed time from
the tracer arrival time at the sampling point in that layer
minus the tracer arrival time in SW at the location of sub-

surface sampling)

Layer boundaries are usually determined by the spacing of sub-
surface sampling points (i.e., midpoint depth between measure-
ment points), but also could be defined by transitions between
actual sediment layers.

The depth weighted analysis of the vertical mass flux of a sol-
ute per unit area of streambed gives

Uu;x - XW', Ul
i=l

(9.30)

where
U} is the total mass flux of solute to the streambed
W;-U,.,is the flux-weighted contribution to reaction in the ith
layer
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The flux weight, W,, is calculated as the fraction of the HZ flux
reaching layer i

qhz.i

n

W, = (9.31)

X Ghz,i
i=1

where g, ; is the flux contribution from the ith layer as previ-
ously defined in Equation 9.29.

Mass balance methods, such as the one described earlier, were
used by Bourg and Bertin (1993) and Von Gunten and Lienert
(1993) to investigate microbial processes affecting metal transport
through the HZ and their influence on drinking water supply in
alluvial aquifers. Triska et al. (1989) and Valett et al. (1996) used
the approach to characterize nutrient uptake in alluvial sedi-
ments surrounding streams in different geologic settings. Harvey
and Fuller (1998) used the approach to quantify metal uptake
rates by precipitation of metal oxides and sorption of trace met-
als onto oxides in the HZ of a stream contaminated by acid mine
drainage. Conant et al. (2004) assessed controls on GW discharge
of a organic contaminant plume at preferential locations in the
streambed. Lautz et al. (2006) determined the effect of debris
dams on biogeochemical reactions in the streambed of a semiarid
stream. Krause et al. (2009) and Kennedy et al. (2009) determined
controls on nitrogen delivery in discharging GW to streams.
Harvey et al. (2013) determined that denitrification in HZs could
account for the cumulative removal of nitrate occurring in the
stream as a whole. Although the reaction occurred throughout
the full depth of the HZ, only denitrification in the shallow hypo-
rheic flowpaths (<4 cm deep) was significant to the nitrate mass
balance in the whole stream. The physical and chemical controls
were hyporheic residence time, dissolved organic carbon concen-
tration, and nitrate concentration, which can be summarized by
a reaction significance factor for the whole stream equal to the
ratio of hyporheic transport and reaction timescales multiplied by
the proportion of streamflow being exchanged with the HZ for a
given length of the stream (Harvey et al,, 2013).

9.4.3 Coupled Modeling of Stream-
Hyporheic-Aquifer Systems

Water and solute transport processes near streams can be inte-
grated in a coupled model of transport in stream corridors. An
example is the transient storage model, which simulates in-channel
advection and longitudinal dispersion in a stream that also has
hydrologic connections with GW and with “transient storage
zones,” that is, slowly moving SW at channel sides and in shallow
subsurface (hyporheic) waters (e.g., Thackston and Schnelle, 1970;
Valentine and Wood, 1979; Bencala and Walters, 1983; Jackman
et al., 1984; Runkel, 1998; Harvey and Wagner, 2000; Fernald et al,,
2001), as shown in Figure 9.11. Other models in the transient storage
model family have more detailed characterization of the storage-
exchange processes (¢.g., Choi et al., 2000; Haggerty et al,, 2002;
Worman, 2000; Worman et al., 2002; Briggs et al., 2009; Neilson
et al., 2010; Bottacin-Busolin et al., 2011).

The Handbook of Groundwater Engineering

FIGURE 9.11 Dynamic analysis of solute transport: the transient
storage model. Mass transport by advection and longitudinal disper-
sion is modeled in a stream that exchanges mass with transient stor-
age zones, that is, well-mixed storage reservoirs of a specified size and
residence time alongside the main channel that may represent much
more slowly moving surface or subsurface {or both) waters, The effect of
transient storage is to delay downstream mass transport and to increase
opportunities for chemical reactions in contact with geochemically and
biologically active surface coatings on vegetation leaves and sediment
grains. (Used from Harvey, J. and Gooseff, M., Water Resour. Res., 51,
6893, 2015. With permission.)

The governing equations for transient storage consider width-
and depth-averaged transport through a stream channel with
GW exchange. The advection-dispersion is as follows:

p2C
Ox

9% 13,

.
AR 4 o, - _C)—
Y o A j+ (CL-O)+alCs—C)=-AC

(9.32)

where

terms in the right-hand side represent advection, dispersion,
lateral inflow, exchange with storage, and reactive chemi-
cal losses

A is the stream cross-sectional area [L?]

D is the stream longitudinal dispersion coefficient [L2T!]

q is the lateral inflow rate in the stream [L2T-]

C, is the solute concentration of lateral inflow [ML-3]

a is the storage zone exchange coeflicient [T-]

C,(t) is the solute concentration in the storage zone [ML3]

) is the stream sorption rate coefficient [T-]

A first-order mass exchange equation in the transient storage
zones is given as follows:

&=0L—A—(C—C5)—K5CS

i As (9.33)
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where
terms on the right-hand side represent exchange with the
stream and reactive chemical loss in the storage
Ay is the cross-sectional area of storage zone [L7]
A is the sorption rate coefficient of the storage zone [T-]

Like all models based on the advection-dispersion equation,
the transient storage models characterize complex physical and
chemical processes in a simple way, which is useful for model-
ing field data. Both steady-state and dynamic hydrologic and
chemical conditions can be modeled with the available numeri-
cal codes. Some codes also offer an objective means for identi-
fying parameters and for estimating uncertainty (Wagner and
Gorelick, 1986; Wagner and Harvey, 1997; Runkel, 1998).

Often the needed field data are acquired by injecting a con-
servatively transported solute tracer at a constant rate into a
stream for a period of hours to days and monitoring the arrival
and flushing of the tracer at downstream locations. A first step
in data analysis is to quantify GW discharge and recharge in the
reach. Using the background solute tracer concentration mea-
sured before the injection and the steady plateau concentration
achieved after a period of time, the streamflow at the down-
stream end of the experimental reach can be estimated using the
end-member mixing via tracer dilution gaging equation

dwn Cl QI
tracer = " Jn
Co' —Cy

9.34)

where
Qi is the streamflow estimated by tracer dilution to concen-
tration C2™" at the downstream end of the reach
C,and Q, are the tracer injectate concentration and injection
rate, respectively

Cj is the background concentration of the solute tracer

From Equation 9.34, it is apparent that the tracer-based measure
of streamflow, Q™" | is sensitive to mass inputs from discharg-
ing GW but is not sensitive to GW recharge because any loss of
tracer mass into GW flowpaths has no effect on the in-stream
solute tracer concentration (see Equation 9.34). As a result, GW
discharge, QQLV, is estimated as

in dwn

v = Liracer — Q(O) (935)

oni

However, Qg also can be estimated as long as streamflow at the
downstream end of the reach is measured two ways, that is, using
both tracer dilution, that is, Q% and velocity gaging, that is, Q(L).
Outflow of GW is calculated by substituting Equation 9.35 into the
stream mass balance, Equation 9.16, and rearranging to give

= Qiniéer — QL) (9.36)
Thus, both GW discharge and recharge are quantified by tracer-

dilution gaging supplemented with velocity gaging at the down-
stream end of the stream reach.
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These estimates of GW discharge and recharge fluxes are used
as inputs to the transient storage model. For example, using the
freely available U.S. Geological Survey (USGS) one-dimensional
transport with inflow and storage model with parameter esti-
mation (OTIS-P model, Runkel, 1998) to solve Equations 9.32
and 9.33 typically involves specifying GW exchange as outlined
earlier and then identifying four additional parameters: stream
advection, longitudinal dispersion coefficient in the stream,
transient storage zone cross-sectional area, and stream-storage
zone exchange coefficient. OTIS-P uses statistical inverse fit-
ting routines to search for the combination of parameters that
provide the best fit simulation to the tracer breakthrough data.
If, in addition, a reactive solute tracer was co-injected with the
conservative tracer, or if measurements were made of a natu-
rally occurring reactive solute, then a solute reaction rate also
may be estimated. Thus, compared with the very simple mass
balance models that were previously discussed, there is consid-
erably more to be revealed about solute transport and reaction
processes with solute tracer experiments and transient storage
modeling.

Transient storage fluxes are distinguished from GW fluxes in
the bidirectional nature of the fluxes exchanging with relatively
small zones of nearly stagnant or recirculating water at channel
sides or in the shallow subsurface. In contrast, GW discharge
and recharge water only flow across the sediment interface once
(i.e., either discharging to the stream or recharging the aquifer).
The model conceptualization of transient storage is extremely
basic. It assumes that the stream water and solute exchange
repeatedly with well-mixed storage zone. Parcels of water that
enter transient storage are held in storage for variable lengths
of time. The reach-averaged parameters determined by fitting
include an exchange coeflicient, an average size of the storage
zone, and the average residence time in storage, which by rear-
rangement produces the reach-averaged water exchange flux
per unit length of stream [L*T-'L~'] that is defined as the storage
zone cross-sectional area divided by the average residence time
in storage (Harvey et al., 1996). The mathematical form of the
residence time distribution for a well-mixed storage reservoir
is exponential, which often fits tracer data in real streams quite
well. That the fit to field data is reasonable does not mean that
transient storage zones are actually well-mixed reservoirs but
rather that transient storage zones comprise an exponentially
distributed assemblage of many short exchange pathways and
a few much longer exchange pathways. Closer examination of
field tracer data often suggests that solute residence times in
storage zones of real streams are often more broadly distributed
than exponential, exhibiting lognormal or power law distribu-
tions (Haggerty et al., 2002; Wérman et al., 2002).

Additional storage zones may be added to the transient stor-
age model, with different exchange fluxes, storage-zone sizes,
water residence times, and rates of chemical reaction. In practice,
the modeling of multiple storage zones with different sizes, and
different hydrologic turnover rates and reaction rates, has been
difficult to constrain simply by modeling in-stream solute tracer
breakthrough curves. Usually, independent measurements are
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needed within representative storage zones of various types (e.g.,
subsurface HZs versus SW storage zones in channel side cavities)
to parameterize multiple storage zones. Models are improved by
simultaneously measuring solute tracer dynamics at the reach
scale and also at representative locations where storage actually
occurs. For example, working in a boulder bed coastal stream in
California, Bencala et al. (1984) was the first to demonstrate that
in-stream transport was strongly affected by hyporheic exchange.
Harvey et al. (1996) showed that only one class of hyporheic flow-
paths through gravel bars was observable with injected tracers.
Larger and longer timescale hyporheic flow through alluvium up
to several meters away from the stream was observed through the
measurement of head gradients and verified through the release
of a subsurface tracer, but was not detected by a 4-day injection
of tracer into the stream. Gooseff et al. (2005) directly compared
stream reaches differing primarily in one being underlain by allu-
vium and the other by bedrock. Ensign and Doyle (2005) inves-
tigated reach-scale effects on storage dynamics of creating SW
storage zones by adding wood baffles as surrogates for wood debris.
Harvey et al. (2005) simultaneously measured SW transient stor-
age and hyporheic transient storage and contrasted the resulting
storage areas and residence times with reach-scale quantities that
had been inversely estimated by modeling the dynamics of the
injected tracer. Similarly, Briggs et al. (2009) directly measured
the surface transient storage component in SW storage zones and
accounted for hyporheic transient storage as the remaining unex-
plained component of storage in the reach-scale model. O’Connor
et al. (2010) and Jackson et al. (2013) added solute tracers directly
to SW storage zones and measured their flushing rate to estimate
surface transient storage residence times. Those authors dem-
onstrated that relatively simple physical measurements could be
used to estimate the surface transient storage zone size and water
residence time as a means to parameterize the surface transient
storage component of reach-scale transport models.

9.4.4 Reactive Transport Modeling in
Stream-Hyporheic-Aquifer Systems

Chemical reactions in stream corridors often are characterized
by first-order uptake or production terms in the main channel
and in the storage zone of transient storage models. However, a
wide variety of chemical reactions can be simulated in addition
to first-order decay. For example, Equations 9.32 and 9.33 can
be modified to consider sorption by adding additional terms for
solute sorption in the main channel onto streambed sediments,
pX(Csed — K,C), and sorption of solutes entering the storage zone
onto sediment surfaces, is(és — Cy), respectively (Bencala, 1983).
Using the term for sorption of main channel solutes onto the
streambed in Equation 9.32 would require an additional equa-
tion for sorbed solute on the streambed

dcsed
dt

=%(K4C ~Ci) (9.37)
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where the new terms in the two sorption equations are
defined as follows: Cs(t) is the background storage zone sol-
ute concentration [ML-%]; p is the mass of accessible sediment
per volume of water [ML-]; % is the main channel sorption
rate coefficient [T-]; A is the storage zone sorption rate coef-
ficient [T-']; C,,, is the sorbate concentration on the stream-
bed sediment [MM™]; and K, is the sorbed solute distribution
coefficient [L*M™].

An easily used and widely available model of in-stream
transport with dispersive mixing and first-order uptake
terms and sorption terms is available from the USGS in its
well documented OTIS-P code (Runkel, 1998) that provides
a built-in statistical code for inversely estimating param-
eters. The OTIS model has roots in similar models described
by Newbold et al. (1983), Stream Solute Workshop (1990),
Mulholland et al. (1997), DeAngelis et al. (1995), and Jones and
Mulholland (2000). All of these modeling studies describe the
use of tracer injections and modeling, and a wide variety of
chemical reactions can be simulated in addition to first-order
decay, including gas exchange (Choi et al., 1998), sorption from
main channel waters onto the streambed, sorption within the
storage zone, and various other equilibrium speciation or
kinetically controlled speciation reactions (Bencala, 1983).
Mulholland et al. (1997) used transient storage modeling to
show that HZs increase important biogeochemical reactions
such as heterotrophic metabolism and phosphorus uptake in
streams. Several other detailed examples of transient storage
modeling are given by Kim et al. (1990, 1992) who simulated
transient storage and nitrate uptake kinetics of a periphyton
community in a flume and then in a stream. Kimball et al.
(1994) conducted tracer injections to measure metal loading
from acid mine drainage and to determine reaction rates that
attenuate metals in the stream and in HZs. Broshears et al.
(1996) manipulated stream pH and simulated the controls on
aluminum and iron chemistry. The role of HZs in denitri-
fication was investigated using transient storage modeling
by Gooseff et al. (2004) and Harvey et al. (2013). Ensign and
Doyle (2006) examined results from many tracer experiments
that quantified nutrient retention in streams and assessed the
possible role of hyporheic flow. The reactive solute transport
capabilities of OTIS were expanded in the One-Dimensional
Transport with Equilibrium Chemistry (OTEQ) model that
solves the equilibrium submodel MINTEQ in the context of
transport with GWSWIs (Runkel, 2010). This model has been
extensively tested in applications involving the fate of metals
released by acid mine drainage.

One of the valuable outcomes of transient storage model-
ing is the reach-scale estimates of transport that are relevant
to many issues of water quality and stream ecology. However,
there are several limitations in the physical interpretation of
storage processes. First is the difficulty of specifying where
transient storage occurs, that is, in surface side zones of
streams or in the subsurface, which potentially affects the
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amount of reaction that occurs. The difficulty of specifying
where the dominant storage occurs is problematic for pre-
dicting water quality effects. For example, whether transient
storage occurs in SW dead zones of streams or in hyporheic
flowpaths is particularly important for understanding con-
trols on chemical reactions such as denitrification. Second,
because transient storage is the result of an assemblage of
processes that are difficult to predict based on easily mea-
sured physical attributes, it means that results from one
experiment cannot be transferred to other streams or even
within the same stream at a different discharge (Wérman
etal., 2002; Harvey et al.,, 2003), which implies that expensive
tracer experimentation may always be needed. A third prob-
lem is that tracer-derived parameters tend to contain biases
that reflect the timescale of the stream tracer experiment and
how it affects the observable range of transient storage. For
example, arbitrary choices of tracer injection time and the
length of the experimental reach can interact with the actual
exchange characteristics in a stream reach in a way that limits
the spatial and temporal scale of exchange flows that can be
detected (Ward et al., 2013b). The consequences can be over-
come to an extent using principles of experimental design
and lengthening the time of injections (Harvey and Wagner,
2000). However, there are practical limits of labor expenses.
As a response to these challenges, there has been an increas-
ing effort to develop physically based modeling approaches
for stream and river corridors that explicitly simulate specific
storage types and their cumulative contributions to transient
storage (Worman et al., 2002; O’Connor et al., 2010; Stonedahl
et al,, 2013; Boano et al,, 2014). Progress also is being made in
developing physically based models of river corridor trans-
port processes at the scale of large drainage basins based on
widely available physical data (e.g., Battin et al., 2008; Gomez-
Velez and Harvey, 2014; Kiel and Cardenas, 2014).

9.5 Heat Transport across the Interface

9.5.1 Introduction

Water temperature is an important environmental variable
because temperature influences habitat suitability for aquatic
life, rates of geochemical processes, and hydraulic conduc-
tivity of near-stream sediments (Hayashi and Rosenberry,
2002; Stonestrom and Constantz, 2004; Anderson, 2005).
Temperature dynamics at the GW-SW interface are particu-
larly important because they integrate the distinct tempera-
ture regimes of SW and GW; GW temperatures are typically
stable relative to SW temperatures, at approximately the mean
ground surface temperature, while SW temperatures fluc-
tuate through time diurnally and seasonally (Hayashi and
Rosenberry, 2002). The distinct contrast in temperatures daily
and seasonally between SW and GW makes heat an ideal tracer
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of water exchange across the SW-GW interface. A renewed
interest in heat transport and tracing in hydrologic systems
has led to several detailed reviews, particularly of heat trac-
ing in near-stream zones (Stonestrom and Constantz, 2004;
Anderson, 2005; Rau et al., 2014).

Heat tracing has a number of advantages over traditional
methods of measuring SW-GW interaction. Heat is a naturally
occurring tracer (Constantz et al,, 2003), and thermal prop-
erties of sediments, such as thermal conductivity, are much
more tightly constrained than hydrologic properties, such as
hydraulic conductivity, which can vary over orders of magni-
tude (Lapham, 1989; Stonestrom and Constantz, 2004). 1D heat
transport in near-stream vertical profiles has been well under-
stood and described for decades (Suzuki, 1960; Bredehoeft and
Papadopulos, 1965; Stallman, 1965), and advances to improve
heat tracing parameterization continue to develop (e.g., Rau
et al., 2012). Inexpensive and accurate temperature data loggers
(e.g.» Hubbart et al,, 2005; Johnson et al., 2005) are now com-
monly available, and new methods for obtaining high-resolu-
tion profiles of stream and subsurface temperatures have been
developed using fiber-optic distributed temperature sensing
(e.g., Vogt et al., 2010; Briggs et al., 2012). Just as data acquisi-
tion is becoming more detailed and cost-effective, straightfor-
ward analytical techniques are being developed to interpret data
(Hatch et al., 2006; Keery et al,, 2007; McCallum et al., 2012; Luce
et al., 2013). These new techniques are coded in publicly avail-
able, free computer programs and graphical user interfaces that
integrate the latest research on temperature signal processing,
analytical and numerical modeling, and model error analysis
(Swanson and Cardenas, 2011; Gordon et al,, 2012; Voytek et al,,
2014). The limitations of heat tracing under a variety of field con-
ditions have been explored in several recent studies, including
limitations imposed by streambed heterogeneity (Schornberg
et al,, 2010; Ferguson and Bense, 2011), multidimensional flow
(Lautz, 2010; Cuthbert and Mackay, 2013), strong upwelling of
GW (Briggs et al,, 2014), and uncertainty of thermal properties
(Munz et al., 2011; Shanafield et al., 2011), etc. As a result of these
recent advances, field examples of heat tracing are now abundant
in the literature.

In this section, we summarize the developments in theory
of heat transport in near-stream sediments, common solutions
to the heat transport equation that are used to model rates of
SW-GW exchange, parameterization of heat transport models,
and heat tracing limitations.

9.5.2 Heat Transport Theory

9.5.2.1 Governing Equations of Heat Transport

The heat transport equation describes heat flow through porous
media and is analogous to the advection-dispersion equation
for solutes in GW (see Chapter 4). For fully saturated condi-
tions, without sources or sinks of heat internal to the system,
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the governing equation in 1D form for vertical heat flow in
z-direction is as follows:

oT o'T oT
pP—-= —CwPwqd——

=K, — 9.38
ot o oz ©38)

where

T is the temperature (°C)

t is the time (s)

K, is the effective thermal diffusivity of the sediment-water
matrix (m?s1)

q is the specific discharge (m s

¢ and p are the specific heat (] kg °C™) and density (kg m™),
respectively, of the sediment-water matrix

¢, and p,, are the specific heat (J kg °C™') and density (kg m=)
of water (Suzuki, 1960; Bredehoeft and Papadopulos, 1965;
Stallman, 1965; Domenico and Schwartz, 1998; Anderson, 2005)

Often, an analogue of pore velocity in advective solute transport,
v, is used

CWpW
=—"—q
cp

(9.39)

Vi

The first term on the right hand side of Equation 9.38 rep-
resents heat transport by conduction and the second term
represents heat transport by water flow, termed advection or
convection (Anderson, 2005).
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9.5.2.2 Concepts of Heat Transport in GWSWI

In general, there is a difference between SW and GW tem-
perature regimes that is used for inferring rates of SW-GW
exchange. GW temperatures are relatively constant through
time of measurements. In contrast, stream temperatures
fluctuate daily and/or seasonally, depending on the location
(Stonestrom and Constantz, 2004). Stream temperature fluc-
tuations result in time-variable thermal gradients between SW
and GW that are affected by water flux vertically; in the north-
ern hemisphere, GW is warmer than stream water in winter
and cooler than stream water in summer (e.g., Schmidt et al,,
2007), as shown in Figure 9.12. As a result, point-in-time tem-
perature profiles in characteristic points in streambeds (T, T, =
T(z), and T, in Figure 9.12) can be used to infer the rate of water
flux vertically, assuming temperature profiles are at quasi-
steady state (Bredehoeft and Papadopulos, 1965; Turcotte and
Schubert, 1982; Conant, 2004; Schmidt et al., 2007). Periodic
temperature fluctuations (either diurnal or seasonal) propagate
vertically into the subsurface, and the rate of propagation is a
function of both the rate of conduction and rate of water flux
(Lapham, 1989; Stonestrom and Constantz, 2004), as shown in
Figure 9.12. As periodic temperature signals propagate verti-
cally, their amplitude is reduced and their phase is lagged. As a
result, temperature time series at multiple depths in streambeds
(e.g.» depths A, B, and C in Figure 9.12) can be used to observe
the degree of amplitude attenuation and phase shift with depth,
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FIGURE 9.12 Schematic temperature profile in streambed sediments. SW undergoes periodic temperature fluctuations and is, on average,
warmer than GW: (a) at depth, the temperatures are constant in time, with values that fall between the temperature at the upper and lower bound-
aries (T, and T, respectively) and (b) In the shallow region, the temperatures fluctuate periodically, similar to the SW, but with reduced amplitude
and increased phase. (Used from Swanson, T.E. and Cardenas, M.B., Comput. Geosci., 37(10), 1664, 2011. With permission.)
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which can in turn be used to infer the rate of water flux verti-
cally, assuming a steady-state water flux (Stallman, 1965; Goto
et al., 2005; Hatch et al,, 2006; Keery et al., 2007; McCallum
et al,, 2012; Luce et al., 2013).

9.5.3 Heat Transport Parameters

The heat conduction term in Equation 9.38 accounts for two dis-
tinct transport processes: (1) heat conduction through the sedi-
ment-water matrix and (2) thermal dispersion due to convection
(Anderson, 2005; Rau et al., 2012). In practice, the way in which
these processes are described in the heat transport equation and
analytical solutions is a function of the formulation of effective
thermal diffusivity, ,. A detailed discussion of this parameter
can be found in Rau et al. (2012). In its simplest form, thermal
dispersion is ignored (Suzuki, 1960; Stallman, 1965; Goto et al,,
2005; Keery et al., 2007; Schmidt et al., 2007; Luce et al., 2013), in
which case

k

Ky =—
P

(9.40)

where k is the thermal conductivity of the sediment-water
matrix (J s m= °C-), If thermal dispersion is not considered
negligible, thermal dispersion due to advection is included in the
effective thermal diffusivity coefficient as follows:

=X +Blq| (9.41)
p

where B is the thermal dispersivity (m) (Anderson, 2005; Hatch
et al,, 2006; Keery et al., 2007). In this case, the value of k, is a
function of the water flux rate, q. Recently, an alternative empiri-
cal formulation for dispersion has been proposed (Rau et al,
2012), where

2
DL B[M q) (9.42)

p P
Table 9.1 shows representative ranges of k, from the literature,

which are narrow compared to ranges for hydraulic conductivity
that can vary over 7-10 orders of magnitude.

TABLE 9.1 Ranges of Values for Heat Transport Parameters

Parameter Range of Values

Thermal conductivity of sediment-water matrix, k ~ 0.8-2.5 W m-! °C~

Volumetric heat capacity of sediment-water (2.5-3.6) x 10° ] m~3 °C™!
matrix, cp

Thermal diffusivity, , (2.4-9.8) x 107 m?s™

Sources: Lapham, W.W,, Use of temperature profiles beneath streams to
determine rates of vertical ground-water flow and vertical hydraulic conduc-
tivity, U.S. Geological Survey Water-Supply Paper 2337, 1989; Stonestrom,
D.A. and Constantz, J., Heat as a tool for studying the movement of ground-
water near streams, U.S. Geological Survey Circular 1260, 2004,
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Thermal conductivity, k, of the sediment-water matrix is
often estimated as the geometric mean of the water and sedi-
ment thermal conductivity, weighted by the sediment porosity, n

k=kiki™ (9.43)

where k,, and k, are the thermal conductivity values for water
and sediment, respectively (J s m °C') (Hatch et al,, 2006; Rau
et al,, 2014).

The heat capacity of the sediment-water matrix, cp, is often
estimated as the arithmetic mean of the water and sediment heat
capacity, weighted by the sediment porosity (Anderson, 2005;
Rau et al,, 2014):

cp={1-n)c,p; +nc,yPsw (9.44)

The representative values of k and cp are provided in Table 9.2.

9.5.4 Solutions of the One-Dimensional
Heat Transport Equation

A series of studies have presented analytical solutions to the 1D
heat transport Equation 9.38 that directly determine rates of
water flux between streams and GW from temperature obser-
vations (Suzuki, 1960; e.g., Bredehoeft and Papadopulos, 1965;
Stallman, 1965; Turcotte and Schubert, 1982; Goto et al., 2005;
Hatch et al., 2006; Keery et al., 2007; McCallum et al., 2012; Luce
et al.,, 2013). In this section, we summarize the commonly used
formulations appearing in the recent literature with an aim of
applying heat tracing in field studies, as presented in Section 9.6.

9.5.4.1 Steady-State Temperature Profiles

Heat tracing methods that use point-in-time temperature profiles
(e.g., the profile from T, to T, in Figure 9.12) infer the rate of verti-
cal water flux from the degree to which the temperature profile
is perturbed from the pure conduction case. Analytical solutions
for Equation 9.38 are for steady-state conditions, where the porous
medium is homogeneous and isotropic, and the temperature pro-
file is static through time; the temperature at the upper boundary
does not change. For this reason, temperature profiles observed
in the field must be measured below the zone influenced by short
timescale temperature oscillations, such as diurnal fluctuations
(Figure 9.12). The solution presented by Turcotte and Schubert
{1982) as shown in Table 9.2 is valid for upward flux only and
reviewed in detail by Schmidt et al. (2007). The solution presented
by Bredehoeft and Papadopulos (1965) shown in Table 9.2 is valid
for upward or downward flux (see also Schmidt et al., 2006). The
MATLAB® computer program ExStream, which is available at
no cost, can be used for time series processing and solving the
Turcotte and Schubert (1982) and Bredehoeft and Papadopulos
(1965) analytical equations for temperature profiles observed in
the field (Swanson and Cardenas, 2011).

9.5.4.2 Temperature Time Series
and Periodic Fluctuations

Heat tracing methods can utilize temperature time series and
shifts in the periodic temperature fluctuations with depth
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TABLE 9.2 Analytical Solutions of 1D Heat Transport for Estimating Vertical Water Flux g (m s™)

References for Method Data Required Equation

Methods using point-in-time temperature observations in a vertical profile (e.g., T, to T, in Figure 9.12)

Turcotte and Schubert (1982), Temperature observations at the sediment-water interface (z = 0) . (T T,
Schmidt et al. (2007), Swanson and and at depths of L, z, and thermal properties of the sediment- g=-—In Z—]
Cardenas (2011) water matrix z L-T,

Bredehoeft and Papadopulos (1965), Temperature observations at the sediment-water interface (z = 0) T,-T, _expllg/k)z)-1

Schmidt et al. (2006), Schornberg
et al. (2010), Swanson and Cardenas

(2011)

and at depths of L, 2, and thermal properties of the sediment—
water matrix

Methods using temperature time series at multiple depths (e.g., A, B, and C in Figure 9.12)

Hatch et al. (2006), Swanson and
Cardenas (2011), Gordon et al.
(2012)

Hatch et al. (2006), Swanson and
Cardenas (2011), Gordon et al.
(2012)

Keery et al. (2007), Swanson and
Cardenas (2011), Gordon et al.
(2012)

Keery et al. (2007), Swanson and
Cardenas (2011), Gordon et al.
(2012)

Luce et al. (2013)

McCallum et al. (2012)

Amplitude ratio (ratio of the amplitude of the deeper periodic
signal to the shallow periodic signal 4, = 4/A,); thermal
properties of the sediment-water matrix; period of the
temperature oscillation P

Phase shift (change in phase between the deeper periodic signal and
the upper periodic signal A = ¢, — ¢,); thermal properties of the
sediment~water matrix; period of the temperature oscillation P

Amplitude ratio (ratio of the amplitude of the deeper periodic
signal to the shallow periodic signal A, = A /A ); thermal
properties of the sediment-water matrix; period of the
temperature oscillation P

Phase shift (change in phase between the deeper periodic signal and
the upper periodic signal, Ad = ¢, — ¢,); thermal properties of the
sediment-water matrix; period of the temperature oscillation P

Amplitude ratio (ratio of the amplitude of the deeper periodic
signal to the shallow periodic signal A, = A/A,); thermal
properties of the sediment-water matrix; period of the
temperature oscillation P

Amplitude ratio (ratio of the amplitude of the deeper periodic
signal to the shallow periodic signal A, = A/A)); phase shift
(change in phase between the deeper periodic signal and the upper
periodic signal Ad = ¢, — ¢,); thermal properties of the
sediment-water matrix; period of the temperature oscillation P
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(e.g., the temporal patterns for depths A, B, and C in Figure 9.12).
They infer the rate of vertical water flux from the amplitude

ratio, A,

where

A, is the amplitude at a deeper sensor
A, is the amplitude at a shallow sensor, phase shift, Ap

Ad) = ¢d _d)s

where

¢, is the phase at a deeper sensor

¢, is the phase at a shallow sensor, or both

(9.45)

Analytical solutions for Equation 9.38 are for a steady-state
water flux, but periodic temperature variations with period P

at the upper boundary, and assume a homogeneous and isotro-
pic porous media. Temperature time series are observed in the

field in the zone of the thermal profile influenced by periodic
temperature fluctuations, most commonly diurnal (Figure 9.12).

Solutions based on A, and A¢, individually, are presented by

(9.46)

Hatch et al. (2006) and Keery et al. (2007) (Table 9.2). Solutions
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using A, and A¢ simultaneously (“combined” methods) are pre-
sented by Luce etal. (2013) and McCallum et al. (2012). To extract
amplitude and phase information from temperature time series
observed in the field, the temperature signal of interest (typi-
cally diurnal) must be isolated from other periodic signals, high-
frequency noise, and/or long-term trends in temperature. Signal
processing techniques include band-pass filtering (Hatch et al,,
2006), sinusoidal curve matching (Swanson and Cardenas, 2011),
and dynamic harmonic regression (Young et al., 1999; Keery
et al, 2007). Two MATLAB computer programs are available
at no cost to process temperature time series data and solve the
analytical equations: ExStream (Swanson and Cardenas, 2011)
and VFLUX (Gordon et al., 2012; hydrology.syr.edu/vflux).

9.5.4.3 Numerical Methods

In addition to the analytical solutions, numerical models can
be used to simulate multidimensional heat transport and allow
for consideration of streambed heterogeneity when modeling
the rates of SW-GW exchange. Although several numerical heat
transport models are available, two commonly used programs
with graphical user interfaces, available at no cost from the
USGS, are VS2DH (Healy and Ronan, 1996; Hsieh et al., 2000)
and IDTempPro (Voytek et al., 2014). VS2DH is a finite differ-
ence model that solves Equation 9.38 in one or two dimensions.
VS2DH has been used to model the rates of SW-GW exchange
in a variety of setting and field studies (e.g., Stonestrom and
Constantz, 2004; Su et al,, 2004; Naranjo et al., 2012) and has been
used to evaluate the performance of the analytical methods under
conditions that violate the analytical model assumptions (e.g.,
Lautz, 2010). 1DTempPro is a graphical user interface for VS2DH
that is designed to facilitate calibration of a 1D VS2DH model to
observed vertical temperature profiles. Through model calibra-
tion to observed data, the user can infer rates of vertical SW-GW
exchange and estimate hydraulic conductivity if the hydraulic
gradient across the profile is known (Voytek et al., 2014).

9.5.4.4 Empirical Relationships between
Temperature and Flux

In addition to analytical and numerical models of heat trans-
port, empirical relationships between streambed temperatures
and SW-GW exchange flux rates have been used to map the spa-
tial distribution of vertical water exchange across the streambed
interface with relatively high spatial resolution (Conant, 2004;
Schmidt et al., 2007; Lautz and Ribaudo, 2012; Gordon et al., 2013).
To develop empirical relationships between flux and temperature,
temperatures measured at a given point in time in the streambed
(point-in-time temperature measurements) are plotted versus
SW-GW exchange rates measured at the same time and place,
and a rating curve is developed using regression. Rating curves
can be linear or nonlinear, depending on the observed relation-
ships between flux and temperature. SW-GW exchange rates
must be measured at several (e.g., 10) different locations with
contrasting bed temperatures to establish a reliable rating curve,
which can then be applied to hundreds of mapped temperatures.
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Measurements of SW-GW exchange for rating curve develop-
ment are made using Darcy flux estimates from measurements
of hydraulic gradient and conductivity (Conant, 2004) or results
of 1D heat transport modeling of vertical temperature profiles
(Lautz and Ribaudo, 2012; Gordon et al., 2013), as described ear-
lier. Empirical relationships are valid for one particular point in
time and for one particular site, so to create maps of SW-GW
exchange for different times or different locations, new empirical
relationships must be develop for each instance.

9.5.5 Limitations of One-Dimensional
Solutions for Heat Tracing

Commonly used heat tracing of SW-GW exchange (see also Section
9.6) using 1D analytical solutions in Table 9.2 relies on several sim-
plifying assumptions that are often violated in actual field settings.
These simplifying assumptions include a homogeneous isotropic
saturated sediment matrix, 1D vertical flow only, a sinusoidal tem-
perature signal and no thermal gradient with depth (in the case of
time series methods), and a steady-state fluid flux (Bredehoeft and
Papadopulos, 1965; Stallman, 1965). A number of recent studies
indicated in Table 9.3 have explored the limitations of heat tracing
methods under conditions that violate these model assumptions.
Methodology of these studies was based on modeling and, to a
lesser extent, through controlled laboratory experiments. Very few
field studies (e.g., Jensen and Engesgaard, 2011; Briggs et al., 2012)
have compared 1D heat tracing with other direct measurements of
SW-GW exchange rates. Before applying heat tracing methodol-
ogy in the field, potential limitations imposed by site-specific field
conditions, uncertainty in thermal parameters, and limitations of
measurement equipment should be explored.

TABLE9.3 Examples of Literature Exploring Limitations of 1D Heat
Tracing Methodology

Potential Source of Error References

Anibas et al. (2009), Schornberg et al.
(2010)

Lautz (2010)

Lautz (2010), Ferguson and Bense (2011),
Cuthbert and Mackay (2013)

Lautz (2010, 2012)

Non-steady-state temperature
profile*

Thermal gradient with depth®

Flow in 2D or 3D, rather than
vertical only

Nonsinusoidal temperature
signals (interpreted both with
and without signal processing)

Non-steady-state water Lautz (2012)
exchange rates through time

Heterogeneity of streambed
sediments

Schornberg et al. (2010), Ferguson and
Bense (2011), Irvine et al. (2015),
Naranjo et al. (2013)

Cardenas (2010), Shanafield et al. (2011),
Soto-Lopez et al. (2011)

Munz et al. (2011), Shanafield et al. (2011)

Inaccuracy of temperature
observations

Uncertainty in thermal
parameters

® Violates assumption of Turcotte and Shubert (1982) and Bredehoeft and
Papadopulos (1965) methods only.

b Violates assumption of Hatch et al. (2006), Keery et al. (2007}, Luce et al.
(2013), and McCallum et al. (2012) methods only.
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9.6 Field Methods for
Quantifying GWSWIs

Just as the interest in quantifying exchange between GW and
SW continues to rapidly increase, so do the advancements of
instruments and methods for quantifying the exchange. This
section presents many of the field-based methods available
for determining flow across the sediment-water interface in a
wide range of physical settings ranging from wetlands to lakes
to streams and rivers to estuaries and marine environments.
None of these methods are appropriate for all physical settings,
but some of the methods can be used in a wide range of applica-
tions. Some of the methods are qualitative and are important
reconnaissance tools that can be combined with other tech-
niques to efficiently focus efforts in areas of rapid or substantial
exchange.

Several reviews of methods for quantifying exchange at the
sediment-water interface have been published within the last
decade. Although some encompass a wide range of physical set-
tings (Rosenberry and LaBaugh, 2008), most have focused on
particular types of environments, including lakes (Rosenberry
et al., 2013), streams and rivers (Kalbus et al., 2006), wetlands
(Rosenberry and Hayashi, 2013), wetlands in arid settings (Jolly
et al., 2008), and marine settings (Burnett et al,, 2006; Moore,
2010). Fleckenstein et al. (2010) provide an overview in their
introduction to an entire topical journal issue focused on meth-
ods and processes at the sediment-water interface; most stud-
ies in the special issue were conducted in streams and rivers.
Krause et al. (2014) provide an overview for another journal issue
devoted primarily to new modeling techniques for quantifying
GW-SW exchange.

This section presents a brief summary of methods for quanti-
fying such exchange and then focuses on recent improvements
and new methodologies. The reader is directed to the aforemen-
tioned review papers for details and equations specific to each
method.

Methods for quantifying exchange between GW and SW can
be arranged from a watershed scale to a local scale and include
(1) net stream/river flow gain or loss (seepage runs), (2) base-
flow analysis, (3) water budget or combined water and chemical
budget, (4) natural and induced tracers, (5) temperature-based
methods, (6) hydraulic-gradient (Darcy) methods includ-
ing numerical models, and (7) direct measurements (seepage
meters), Each is discussed in greater detail below.

9.6.1 Net Gain or Loss in River/Stream Flow

Commonly referred to as a seepage run, measuring the dif-
ference in stream discharge at two points on a stream at
approximately the same time, and attributing the differ-
ence to net exchange between the stream and GW along the
stream reach, has been in practice since at least the early 1940s
(Meinzer, 1942). An important assumption associated with this
method is that runoff, precipitation, and evapotranspiration
are all so small that they can be ignored. Therefore, discharge
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measurements are commonly made when streamflow is rela-
tively stable and ideally also during times when evapotrans-
piration is expected to be small and no rainfall has occurred
for several days prior to stream-discharge measurements.
Tributary inputs and off-channel diversions from or to each
study reach also are measured and subtracted from the differ-
ence between the upstream and downstream discharge mea-
surements. The scale of the determination of the net GW flow
to or from the stream is proportional to the distance between
the upstream and downstream discharge measurements along
each stream reach. The method provides an indication of the
net GW exchange with the stream; areas of flow from GW to the
stream and flow from the stream to GW, both can exist along
a particular stream reach but only the net exchange can be
determined (see Equation 9.17). Streams can be partitioned into
numerous segments and the net exchange between each pair of
stream-discharge locations is determined (e.g., Donato, 1998).
The shorter the distance between discharge measurements, the
greater the spatial resolution of GW-SW exchange. However,
the net exchange between GW and the stream needs to be larger
than the uncertainty associated with the discharge measure-
ments (LaBaugh and Rosenberry, 2008). Therefore, this method
is best suited for streams where stream discharge is small and
gains or losses along stream reaches are relatively large. Because
of this constraint, seepage runs are not well suited for rivers
with larger discharge because the error associated with measur-
ing river discharge commonly is much larger than the change
in discharge along a typical river reach of interest, For streams
and rivers that vary substantially in discharge, seepage runs
are most often conducted during periods of smaller discharge
(Riggs, 1972; Wheeler and Eddy-Miller, 2005).

Additional information can be obtained when other mea-
surements are combined with the standard seepage run
(e.g., Dumouchelle, 2001). For example, Simonds and Sinclair
(2002) combined GW discharge determined for each stream
reach with hydraulic gradient determined with in-stream
piezometers at several locations along each stream reach. They
were able to determine a scale-appropriate value for hydraulic
conductivity for use in a subsequent basin-scale GW flow model.
Other studies have made a clever use of stage—discharge relations
at gauging stations upstream and downstream of a particular
stream reach. Liu and Sheng (2011) related upstream and down-
stream discharge to determine temporal variability in net GW
exchange and distinguished that exchange from evapotranspira-
tion. Others have compared differences in discharge measured at
permanently installed gauging stations with synoptic data from
subreaches within the same stream reach to show substantial
exchanges between GW and stream water even though the net
exchange based on differencing data from the permanent gaug-
ing stations was too small to distinguish (Becker et al., 2004;
Schmadel et al,, 2010). Another study (Ruehl et al., 2006) used
multiple methods, including a transient storage model (Choi
et al,, 2000; Harvey and Wagner, 2000) to distinguish between
solute losses due to hyporheic exchange and losses due to stream
water flowing to GW.
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9.6.2 Baseflow Analysis

Another method that provides a measure of GW discharge to
a stream integrated over a stream-catchment scale is to dis-
tinguish streamflow derived from GW discharge (baseflow)
from streamflow derived from runoff in response to rainfall
events. The numerous methods used to determine the compo-
nent of total streamflow derived from discharge of GW to the
stream can generally be grouped into (1) those based on sepa-
rating the streamflow hydrograph into periods influenced by
storm events and periods exhibiting low flow or baseflow, com-
monly termed “hydrograph separation” and (2) those based on
the log-linear slope of streamflow recession following storm
events, commonly termed “streamflow recession analysis.”
Several hydrograph-separation algorithms have been developed
to separate these two components, such as PULSE, PART, and
HYSEP (e.g., Rutledge and Daniel, 1994; Sloto and Crouse, 1996;
Rutledge, 1998; Rutledge, 2000). All are arbitrary to some degree.
Several of these methods have recently been included in a USGS
data analysis user interface called the Groundwater Toolbox
(Barlow et al., 2015). Studies have also compared results of mul-
tiple methods and demonstrate the variability among methods
(Eckhardt, 2008). Automated methods can be used to quickly
estimate baseflow across a broad region, extending even to a
national scale (Wolock, 2003). One relatively new approach is
to substitute hydrographs based on water levels in monitoring
wells for the traditional streamflow hydrograph (Rutledge, 2014).

9.6.3 Water and Chemical Budgets

Water budgets have been used for many decades to manage water
resources and investigate various hydrologic components (Healy
et al, 2007), commonly by measuring the easier-to-quantify
components to solve for the more difficult components, notably
evaporation or GW. The concept is deceptively simple—water in
minus water out equals change in storage, or water in minus water
out + change in storage equals the missing component of interest,
in this case GW. A substantial problem with this method is that
errors associated with each of the water budget components are
also included in the solution for net GW exchange (Winter, 1981a).
Another problem is that only net GW (the sum of flow from GW
to SW and flow from SW to GW) can be determined with this
method. This may not be a problem for some settings where it can
be reasonably assumed that exchange between GW and SW is all
in the same direction, but those settings are a small subset com-
pared to the much larger number of settings where flow across the
sediment-water interface occurs in both directions. A common
example is a “seepage lake,” where GW flows to one side of a lake
and lake water flows to GW along the other side of the lake.
However, if a conservative chemical is present in varying con-
centrations in all or most of the hydrologic components, measur-
ing the concentration of the conservative constituent for each of
the measurable water budget components gives us two equations
to solve. With two equations and two unknowns, this method
allows a solution for both the volume of GW flow to SW and the
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volume of SW flow to GW (see Section 9.4). This method has been
used for many years, and numerous papers describe the method
in great detail (e.g., LaBaugh and Winter, 1984; Krabbenhoft et al.,
1990b; Choi and Harvey, 2000), including how to deal with vari-
ous sources of error and uncertainties (LaBaugh et al., 2009; Winter
and Rosenberry, 2009). Uncertainties depend considerably on the
conservative constituent of interest and whether that chemical or
component actually is conservative. With the advancement in ana-
lytical capability and associated reduction in the cost of analysis,
deuterium and oxygen-18 isotopes are increasingly becoming the
constituents of choice (e.g., Krabbenhoft et al, 1994; Hunt and
Krabbenhoft, 1996; Reddy et al., 2006; Cook, 2013; Sacks et al., 2014).

Water and nutrient budgets have been recently combined
with other methods to learn more about the geologic setting that
controls the distribution of exchange between GW and SW. For
example, vertical temperature profiling (described in Section 9.5
and later) was used to determine the percent of nutrients dis-
charged to alake in areas of focused GW discharge relative to the
total nutrient discharge to the lake (Meinikmann et al., 2013).
Hydraulic conductivity of a clogging layer at the sediment-water
interface of two other lakes was determined by relating hydrau-
lic gradients from a network of wells to GW discharge calculated
from a lake water budget (Rudnick et al., 2014).

9.6.4 Natural and Induced Chemical Tracers

Tracers, whether natural or injected, are commonly used in
fluvial settings to quantify transport of stream water and its
interaction with the subsurface. Fundamentals of GWSW sol-
ute exchanges were expounded in Section 9.4. Here, we address
important technical aspects that are paramount for obtaining
the representative data from chemical tracer tests. Dilution
gauging is combined with the knowledge of the injected tracer
mass (M,,) and the observed in-stream concentration time
series, C, (£, to estimate discharge, Q,,, as follows:

Min

s I;C“S(t)dt

(9.47)

The application of this method requires that the in-stream
observation be conducted as closely as possible to the injection
location (to minimize tracer mass loss) but a sufficient distance
downstream to achieve complete mixing in the vertical and lat-
eral dimensions (Kilpatrick and Cobb, 1985). Mixing lengths
may be calculated based on empirical relationships. Fischer et al.
(1979) suggest that estimates can be made by first calculating the
lateral dispersion coefficient (E,,,, m? s

E. =06HU" (9.48)

where
H is the river depth (m)
U™ is the shear velocity (m s
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From this value, lengths to achieve complete lateral mixing (L,,, m)
can be determined for tracer releases to the stream centerline

2
L,=0. 1U—B— (9.49)
lat
and for releases at the stream bank
2
L,= 0.4U£— (9.50)

lat

where
B is the stream width (m)
U is the mean stream velocity (m s)

In headwater streams, visual estimates may be more reliable
than empirical formulae (Day, 1977). As a practical consider-
ation, release of a visual tracer that does not interfere with the
tracer used for dilution gauging can provide visual, rapid con-
firmation of mixing. Examples include fluorescein dye or milk.

In more recent developments, this injected tracer mass is
allowed to be transported downstream through a study reach
(commonly 100-200 m), and a second observation of the in-
stream tracer concentration is made at a location with known
discharge (C,(t) and Qy,, respectively). Thus, discharge and con-
centration time series are known at both upstream and down-
stream ends of the study reach. The tracer mass recovered at the
downstream location (M, ) can be calculated as

rec

ALH=Q$ﬁ%Aﬂm ©5)
0

Using these data, Payn et al. (2009) determined the estimate of
both net changes in discharge (AQ = Q 4 — Q,) as well as the
gross gains and losses through the study reach.

Stream reaches simultaneously gain water from and lose
water to the subsurface through a study reach. For gross gains
and losses, end members bounding the possible values include
assumptions of gain before loss, or loss before gain. These
assumptions, respectively, allow the estimation of minimum
and maximum gross losses (Quz, min a0d Qjogs, maz)

Mrcc —Min
[ cuta
0

— Mm: —Min

’ Qluss,nmx =T (952)
[ cutonr
0

Qloss,min =

'These estimates of gross losses, combined with the known AQ,
can be used to estimate bounds for gross gains as

anin,min = AQ - Qlass,min ] anin,nmx = AQ - Qluss,nmx (953)

This analysis has been applied in several recent studies
(Payn et al,, 2009; Schmadel et al,, 2010; Covino et al.,, 2011; Ward
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et al,, 2013a,b). Exchanges that are based on mass that is lost
from the stream and not recovered at the downstream observa-
tion are termed “long-term storage” (Ward et al., 2013a,b). The
tracer mass that is observed at the downstream location is the
complimentary “short-term storage,” meaning that the times-
cales of transport are rapid enough to be observed within the
stream (i.e., returns of solute mass to the stream are in large
enough magnitude to be observed in C(1)).

The short-term storage time series, indicating the solute
that is primarily advected in the SW body with tailing due
to exchange with slower-moving domains such as in-stream
dead zones and/or HZs, is commonly interpreted using one
of two methods. First, numerical models of transport and fate
are commonly applied (see discussion of the transient storage
model in this chapter; review by Runkel et al. (2003)). Second,
a host of metrics describing the shape of the field observation
can be estimated. For example, the skewness of the recovered
solute tracer signal (C,) could be interpreted to estimate the
relative interaction of stream water with short-term storage in
the study reach. Examples of work using such metrics include
Ward et al. (2013a,b), Koestel et al. (2011), Dankwerts (1953), and
Schmid (2003).

Finally, tracers recently applied in hyporheic settings for the
purpose of quantifying the GW component include carbon-14
contained in dissolved inorganic carbon (Bourke et al., 2014b)
to quantify GW discharge and radon-222 (Cook, 2013; Bourke
et al,, 2014a) to quantify the extent of hyporheic exchange in a
stream reach that loses water to GW.

9.6.5 Temperature as a Tracer

Temperature has long been used as a qualitative tool to identify
areas of fluxes between GW and SW (Stonestrom and Constantz,
2004; Anderson, 2005), and foundations of this approach have
been described in Section 9.5. If GW seepage is sufficiently fast,
and the temperatures of GW and SW are sufficiently different,
the GW temperature is imparted to the sediment-water inter-
face, resulting in an easily measured difference in the tempera-
ture of the sediment bed (e.g., Lee, 1985).

If GW discharge is substantial and occurs where SW is shal-
low, the temperature signal is transmitted to the water surface
and can be detected remotely (Lee and Tracey, 1984; Banks
et al, 1996; Gosselin et al, 2000; Tcherepanov et al., 2005;
Lewandowski et al.,, 2013). Discrete measurements of the bed
temperature, although much more labor intensive, provide the
same ability to isolate areas of focused GW discharge (Conant,
2004; Schmidt et al., 2006).

Discrete measurements of the bed temperature, although
labor intensive, provide the ability to map areas of focused GW
discharge (Conant, 2004; Schmidt et al., 2006). If GW discharge
is substantial and occurs where SW is shallow, the temperature
signal is transmitted to the water surface and can be detected
remotely (Lee and Tracey, 1984; Banks et al., 1996; Gosselin
et al., 2000; Tcherepanov et al,, 2005; Lewandowski et al., 2013).
High-resolution forward-looking infrared (FLIR) cameras are
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particularly useful for detecting and displaying areas of the
water surface influenced by rapidly discharging GW (Cardenas
et al, 2008; Dunckel et al., 2009).

Much of the recent advance of this method has been asso-
ciated with vertical temperature profiling and dealing with
assumptions associated with the method. This method was
applied primarily in fluvial settings (Lapham, 1989; Silliman
and Booth, 1993; Taniguchi, 1993; Constantz and Thomas,
1996; Constantz et al., 2002). A common assumption is that
flow across the sediment-water interface is vertical, allowing
for a 1D solution. Some have indicated that flow is not vertical,
particularly in hyporheic settings (Naranjo et al, 2012, 2013;
Rosenberry et al., 2012), and advances have been made (Lautz,
2010) that allow solutions for nonvertical flow (Gordon et al,,
2012). Another assumption is that vertical flow is relatively uni-
form in space and time, which clearly is not the case in most
settings (e.g., Schmidt et al., 2006; Keery et al., 2007; Chen
et al,, 2009; Lautz, 2010).

Recent technological advances have made temperature
measurement at the sediment-water interface vastly more effi-
cient. Multiple thermistors can be buried in a sediment bed
and aligned both vertically and horizontally around a central
heat source that can be pulsed. The measurement of the ther-
mal response by the surrounding thermistors provides deter-
mination of the rate and direction of flow through sediments
in the vicinity of the sediment-water interface (Lewandowski
etal, 2011). Draping a fiber-optic cable across or along the sedi-
ment bed and pulsing a light down the cable allows determin-
ing the temperature of the sediment bed continuously in time
and space. This method, the distributed temperature system,
or DTS (Selker et al., 2006a,b; Tyler et al., 2009), is most often
used by draping the fiber-optic cable across the bed to detect
spatial heterogeneity in temperature and, therefore, relative
GW discharge to SW. However, it can also be used in a ver-
tical orientation. For example, a high-resolution temperature
sensors (HRTSs) can be made by wrapping a fiber-optic cable
around a rod, such that the spatial resolution of temperature
sensing along the cable is improved from the meter-scale to the
centimeter-scale along the rod (Vogt et al.,, 2010; Briggs et al.,
2012b). The temperature time series recorded at a multitude
of depths can be modeled using 1D analytical solutions pre-
sented in Section 9.5 to determine vertical flux rates with high
spatial resolution. HRTS can be installed as individual sen-
sors (Vogt et al., 2010) or in series such that several rods can
be installed at one field site (Briggs et al., 2012). Alternatively,
fiber-optic cables can be spread horizontally and stacked such
that one cable is directly above another, running parallel and
separated by a small vertical distance. In this manner, tem-
perature time series can be recorded at multiple depths over
long horizontal distances (Mamer and Lowry, 2013). DTS has
allowed much improved detection of GW discharge in settings
ranging from wetlands (Lowry et al., 2007) to streams (Briggs
et al,, 2012a, 2013; Krause et al, 2012) to lakes (Blume et al.,
2013; Sebok et al,, 2013) and marine settings (Henderson et al,,
2009; Anderson et al., 2014).
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9.6.6 Hydraulic-Gradient-Based Methods

Exchange between GW and SW can be determined by measur-
ing the hydraulic gradient between GW and the adjacent SW
body, and also the hydraulic conductivity of the porous media
through which the GW flows, according to Darcy’s law

_ gadh

Q I (9.54)

where
K is the hydraulic conductivity
A is the area of exchange between GW and SW
dh/dlis the hydraulic gradient (e.g., LaBaugh and Rosenberry,
2008)

This is one of the most commonly used methods for determining
GW-SW exchange and might be used even more if not for the
uncertainty in determining the hydraulic conductivity. The geo-
logic complexity of sediments at and near the sediment-water
interface, the orders-of-magnitude variability in K, and the scale-
dependence of K measurements (Rovey and Cherkauer, 1995) all
serve to make determination of this parameter very difficult in
many settings. Point measurements of K with single-well slug
tests are often not representative on a whole-lake or stream-reach
scale. Therefore, numerically simulating flow on a lake-basin or
stream-reach scale is often a preferred way to determine a scale-
appropriate value for K (Brunner et al., 2010). Several geophysi-
cal tools, such as ground-penetrating radar, electrical resistivity,
and electromagnetic induction, can be used to better understand
the spatial distribution of geologic and associated hydrogeologi-
cal properties near and beneath sediment beds (e.g., Ong et al,,
2010; Toran et al., 2010, 2014; Befus et al.,, 2012; Briggs et al., 2013).
Combining new modeling capability with multiple field-based
methods is particularly fruitful for improving understanding of
near-shore processes (e.g., Karan et al., 2014).

9.6.7 Direct Measurements
with Seepage Meters

A seepage meter is an open-ended cylinder that, when placed
on the bed of SW body, collects flow across the portion of the
sediment-water interface covered by the meter and routs the
flow into a seepage collector (Rosenberry and LaBaugh, 2008).
Although this device has been available since the early 1940s,
its use increased greatly when a much simplified design was
introduced in the late 1970s (Lee, 1977). The device provides a
direct measurement of flow as opposed to all other methods that
infer the seepage exchange from other measured parameters.
One substantial limitation for many studies is the local-scale
measurement it provides. Most designs cover only 0.25 m? of bed
area, introducing issues of the localized scale of the measure-
ment relative to the scale of the investigation. Design improve-
ments include the use of highly flexible, low-resistance bags and
operating the bags in the mid-range of bag fullness (Murdoch and
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Kelly, 2003), use of larger-diameter bag-connection hardware
(Fellows and Brezonik, 1980), placing the bag inside a shelter to
eliminate velocity-head effects (Sebestyen and Schneider, 2001),
connecting several cylinders to a single bag to increase the sur-
face area and better address bed heterogeneity (Rosenberry,
2005), and several modifications to make the device suitable for
use in fluvial settings (Rosenberry, 2008). Duration of measure-
ment depends on the seepage rate and the size of the seepage bag
and ranges from minutes to days. One potential drawback is that
a time-integrated value is provided with each bag measurement.
Several devices have replaced the bag with a flowmeter to pro-
vide better temporal resolution (Paulsen et al., 2001; Taniguchi
and Iwakawa, 2001; Rosenberry and Morin, 2004; Fritz et al,,
2009; Koopmans and Berg, 2011).

Recent studies have addressed concerns related to spatial
and temporal heterogeneity. Seepage meters deployed in sev-
eral fluvial settings indicate seepage is highly variable and is
largely controlled by local-scale bed topography (Rosenberry
and Pitlick, 2009; Rosenberry et al., 2012). Seepage in near-shore
marine settings also has been shown to be highly variable and is
commonly a mix of fresh and recirculated water (e.g., Michael
et al., 2003; Swarzenski et al,, 2007; Bokuniewicz et al., 2008;
Stieglitz et al., 2008; Taniguchi et al,, 2008; Santos et al., 2009).
Seepage meters combined with geophysical methods in a range
of settings have indicated that geology greatly controls the dis-
tribution of seepage (Simonds et al., 2008; Toran et al., 2010;
Russoniello et al., 2013), leading to the conclusion that knowl-
edge of geology is vitally important in understanding seepage
heterogeneity. Temporal variability in seepage has recently been
shown to be much greater than previously thought; seepage can
respond within minutes to wind, evapotranspiration, rainfall,
and lake seiche (Rosenberry et al., 2013).

9.6.8 Multiple Methods

Multiple methods are increasingly being used to quantify
exchanges between GW and SW both to better determine fluxes
and reduce uncertainty and to increase understanding of pro-
cesses that control seepage exchange (e.g., Burnett et al., 2006;
Mulligan and Charette, 2006; Ivkovic, 2009; Kikuchi et al,
2012; Karan et al,, 2013; Kidmose et al., 2013; Yang et al., 2014).
Continued advances are likely to stem from additional combina-
tions of multiple methods in a wider variety of physical settings.

9.7 Modeling

9.7.1 Simulating at the Interface of
Hydrology and Hydrogeology

The interactions between SW and GW are complex and dif-
ficult to observe or quantify directly in the field. Numerical
modeling techniques are therefore an important tool to under-
stand GWSWIs across different spatial and temporal scales.
However, hydrology and hydrogeology have to some degree
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developed as independent scientific disciplines. This separa-
tion is reflected in the conceptual models of the two disciplines:
typically, models developed by hydrologists do not explicitly
consider the subsurface, whereas most models developed by
hydrogeologists conceptualize the surface through simple
boundary conditions. Because water fluxes between these two
components are naturally continuous, breaking the system
down into surface and subsurface components limits a solid
understanding of the water as a single resource (Winter et al,,
1998). Alarge number of numerical models simulating GW-SW
interactions are now available, including MikeShe (Refsgaard
and Storm, 1995), MODFLOW (Harbaugh, 2005), FEFLOW
(see e.g., Trefry et al., 2007), and GSFLOW (Markstrom et al.,
2008), to mention but a few.

As in any modeling approach, the extent to which a model
is suited to simulate a system is intrinsically linked to its con-
ceptualization. Many of the available hydrological and hydro-
geological models have limited ability to simulate GWSWIs. For
example, if the river is represented through a boundary condi-
tion with predefined width, depth, and location, it is impossible
to simulate the feedback mechanisms between the surface and
the subsurface. In such a model, the reduction of streamflow
caused by a nearby pumping cannot be simulated. Also, the
increased river discharge or flooding in response to rising GW
levels is not reproduced. A related example is the conceptualiza-
tion of the streambed. If a model couples the surface and the
subsurface through a hydraulic conductance approach, the user
implicitly employs the assumptions that are embedded in this
concept, that is, that the streambed and the aquifer are separate
and clearly defined compartments and that the streambed has
a constant thickness. A third example is related to the surface
flow equations used in the model. Computational fluid dynam-
ics (CFD) approaches have been successfully employed to simu-
late hyporheic fluxes by solving the Navier-Stokes equation for
the water column, and Darcy’s law and the continuity equation
for the streambed (Cardenas, 2009). Most hydrological and
hydrogeological models conceptualize surface flow through the
diffusion wave approximation, introducing bias in the pressure
distribution along variations of the streambed for turbulent
stream conditions and affecting the accuracy of simulations of
hyporheic exchange. These examples illustrate the importance
of choosing an appropriate model for the problem considered.

9.7.2 Approaches to the GW-SW Coupling

Different approaches to classify hydrological and hydrogeologi-
cal models exist. Kampf and Burges (2007) presented a thor-
ough review of a distributed hillslope and catchment hydrologic
models. They provided a historical perspective on hydrologic
modeling and then reviewed existing approaches for catch-
ment modeling. From a hydrogeological point of view, those
approaches include models that assume homogeneous sub-
surface properties, such as TOPMODEL (Beven et al., 1995) or
GW flow models that can simulate heterogeneous subsurface
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properties, but which interact with surface flow through bound-
ary conditions, such as MODFLOW (Harbaugh, 2005).

Morita and Yen (2000) have classified the models according
to the coupling between GW and SW. Three levels of coupling
exist between them (Morita and Yen, 2000): no coupling, itera-
tive coupling, and full coupling. In a model with no coupling,
the equations for the surface and the subsurface are solved with-
out any feedback.

In a model with no coupling, the equations for the surface and
the subsurface are solved without any feedback. An infiltration
boundary between the surface and subsurface is used as a com-
mon boundary condition. This type of coupling is standard for
analytical models.

In the second level of coupling, a certain degree of feed-
back between SW and GW is possible. In this approach, either
the surface or subsurface domain is used to update the inter-
nal boundary during the simulation. This type of coupling
has been referred to as alternative coupling (Morita and Yen,
2000) or iterative coupling (Furman, 2008). MODFLOW and
GSFLOW, most widely used models that can account for rivers,
streams, and lakes (Merritt and Konikow, 2000; Prudic et al.,
2004; Niswonger and Prudic, 2005), fall into the iterative cou-
pling category. GSFLOW (Markstrom et al., 2008) significantly
extends the capabilities of MODFLOW for the simulation of
coupled GW and SW/watershed processes. This model simulates
overland flow via rainfall-runoff relations, soil-zone and one-
dimensional (vertical) unsaturated-zone flow, head-dependent
GW discharge and SW leakage to streams and lakes, and three-
dimensional GW flow. These models are examples of efficient,
physically based approaches for the simulation of SW-GW inter-
actions. This is the most commonly achieved level of coupling
in applications that follow the Freeze and Harlan (1969) ideas by
integrating various processes of hydrological cycle. These ubiqg-
uitous and accessible USGS reports provide comprehensive cov-
erage of theory and applications.

In the third and most complex level of coupling, the inter-
face equation and the two systems are solved simultaneously. It
is only in this formulation that the physics of the GWSWIs are
represented comprehensively. Such models also allow for “self-
generating systems,” where rivers and lakes can form naturally
within the imposed topography in response to the climatic
and hydraulic forcing functions. These models are based on a
blueprint presented by Freeze and Harlan (1969). Examples of
models that are based on the Freeze and Harlan (1969) blue-
printinclude InHM (VanderKwaak, 1999), MODHMS (Panday
and Huyakorn, 2004), HydroGeoSphere (Therrien et al., 2010),
PARFLOW (Kollet and Maxwell, 2006), FIHM (Kumar et al,,
2009), and OpenGeoSys (Kolditz et al., 2012). Maxwell et al.
(2014) provide a more detailed description of these models and
a set of benchmark problems to assess integrated hydrological
models. Those 3D integrated models generally represent 3D
subsurface flow by Richards’ equation for variably saturated
flow and are therefore computationally more demanding, for
example, GSFLOW that “takes advantage of the fact that the
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dominant direction of flow within the unsaturated zone usu-
ally is vertical when averaged over large areas” (Markstrom
et al.,, 2008).

Some fully coupled models are capable of jointly simulat-
ing fluid flow and solute transport. Typically, they solve 2D
advective-dispersive transport for the surface domain and the
3D advective-dispersive equation for the subsurface. Examples
of transport solutions are given in Therrien et al. (2010), Panday
et al. (2009), and Weill et al. (2011). Heat transport equations,
similar to mass transport equations, have been introduced
in some models, for example, in the HydroGeoSphere model
(Brookfield et al.,, 2009). A few integrated models have capa-
bilities for sediment transport. Heppner et al. (2006) extended
the InHM model to simulate sediment transport in the surface
domain,

9.7.3 Setting Up and Interpreting
GWSWI Models

Simulating GWSWI brings along some challenges and require-
ments to the input data set and the discretization of the model.
Kiser et al. (2014) highlight the importance of streambed and
riverbank topography for iterative and fully coupled models,
as well as the associated challenges in developing an adequate
mesh. As water flows along the topographic gradients of the
digital elevation models (DEMs) employed in the model, errors
in the elevation data set can result in convergence problems, the
erroneous presence (or absence) of lakes and rivers, or the flood-
ing of floodplains due to errors in riverbank elevations. Given
that many large-scale DEMs are based on radar data that cannot
provide accurate elevation estimates under water-covered areas,
DEM:s used in numerical models simulating GWSWI typically
need to be corrected, as outlined in the tutorials provided by
Kaser et al. (2014).

A challenge specific to fully coupled models is related to cou-
pling between the surface and the subsurface. A common way to
conceptualize the exchange between the surface and the subsur-
face is through the so-called exchange coefficient (or coupling
length) used in, for example, HydroGeoSphere or InHM. Ebel
et al. (2009) and Liggett et al. (2012) analyzed the parameter
sensitivity for first-order exchange coefficients and provided
some guidance on how to select the exchange coefficients. If the
coupling between the surface and the subsurface is conceptu-
alized through a continuity of pressure, the streambed proper-
ties require an explicit consideration, which naturally raises the
question on how the streambed is parameterized and calibrated
(see Section 9.7.4).

Finally, iterative and especially coupled models that are based
on Richards’ equation require a fine vertical discretization.
Sciuto and Diekkruger (2010) analyzed the influence of the ver-
tical discretization on a catchments water balance and stressed
its importance on the catchments water balance, especially the
evapotranspiration rate. Downer and Ogden (2004) highlight
the large influence of the vertical discretization on the sensitivity
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of parameter estimates. The strict requirements to discretization
as well as the nonlinear nature of Richards equation and the cou-
pling between the surface and the subsurface lead to very consid-
erable computational times as well as to challenging numerical
issues. However, vertical discretization can also be important in
models not simulating Richards’ equation (e.g., MODFLOW).
Brunner et al. (2009a,b) showed that mound height under a dis-
connected river can be strongly influenced by vertical discreti-
zation of the aquifer (corresponding to the number of layers in
MODFLOW terminology).

A common limitation to GWSWI models is the inability to
directly analyze and interpret flow generation mechanisms and
the streamflow hydrograph. Partington et al. (2011) proposed
and implemented a hydraulic mixing-cell (HMC) approach in
HydroGeoSphere to investigate the GW contribution to stream-
flow as interpreted at the catchment outlet (i.e., in the streamflow
hydrograph). Partington et al. (2013) expanded on the original
HMC method to include both overland and in-stream flow gen-
eration mechanisms for the broad purpose of deconvolution of a
flow hydrograph at any point in space within the model domain.
'The method could be easily implemented into any other model.

9.7.4 Calibration and Uncertainty Analysis

In any modeling approach, calibration and uncertainty analysis
are integral parts of the elaboration of a model. Calibration tech-
niques such as Monte Carlo approaches or Marquardt-Levenberg
approaches require a large amount of model runs. Given the typi-
cally significant runtimes of GWSWI models, their calibration
and subsequent uncertainty analysis are not straightforward, and
the computational demand related to the application of standard
calibration approaches for physically based models may exceed the
capabilities of most researchers and practitioners. This is especially
true for fully coupled models and to a certain extent also for itera-
tively coupled models. Fortunately, a range of new developments
in the area of model calibration are opening new possibilities in
this regard, including readily available inverse modeling packages
such as U-Code (http://igwmc.mines.edu/freeware/ucode/) and
PEST (www,pesthomepage.org).

A pragmatic way for calibrating highly parameterized models
can be found in the so-called subspace methods, such as the Null
space Monte Carlo method (Tonkin and Doherty, 2009). This
approach allows to rapidly generate a large amount of param-
eter combinations that calibrate the available observation data,
as opposed to the classical Monte Carlo approaches where most
of the generated parameters do not reproduce the observation
data sufficiently well to be further considered. Once a sufficiently
large range of parameters that calibrate the available observation
data has been determined, the uncertainty related to a predic-
tion of interest can be determined. The software package PEST
(www.pesthomepage.org) has implemented these advanced
calibration and uncertainty concepts. Hill et al. (2015) provide
a comprehensive overview on computationally frugal model
analysis methods to calculate model uncertainty. Pareto con-
cepts also offer a convenient and relatively model-run-efficient,
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nonlinear methodology to quantify uncertainty, even where a
model employs many parameters. Brunner et al. (2012) com-
bined Pareto methods with linear approaches to calculate pre-
dictive uncertainty and parameter identifiability in a complex,
fully coupled model. The linear approaches employed allow
identifying the data worth of observations under consideration
of their measurement accuracy, even before the actual measure-
ment has been carried out. All these approaches can be readily
employed in models simulating GWSWIs.

A different approach to calibration and uncertainty analysis is
the application of the ensemble Kalman filter for real-time mod-
eling. Real-time observation data are integrated in the model-
ing process to prevent the model state from diverging from the
real systems. Hendricks Franssen et al. (2011) employed this
approach successfully in the real-time simulation of GWSWIs
using a coupled SW-GW model.

9.7.5 Model-Specific Applications

Sustainable water resource management requires a solid,
process-based understanding of GWSWI across vastly different
spatial and temporal scales. The choice of the numerical mod-
els should take into consideration the spatial scales considered,
as well as the dominant processes occurring on the spatial scale
under consideration. Owing to their computational efficiency,
iteratively coupled models have been widely used to simulate SW
interactions on large spatial scales (e.g., for entire river basins
or catchments). GSFLOW, for example, has been employed to
understand the influence of SW-GW interactions on summer-
time streamflow in snow-dominated catchments (Huntington
and Niswonger, 2012), climate change (Surfleet and Tullos, 2012;
Surfleet et al,, 2012), or as a tool for integrated decision support sys-
tems (Niswonger et al., 2014), to give just some examples on large
spatial scales. Iteratively coupled models have also been employed
on smaller spatial scales. For example, Fox and Durnford (2003)
analyzed the effect of unsaturated flow on stream leakage induced
by pumps next to the river by combining the MODFLOW river
package with an approximating solution to estimate aquifer draw-
down and stream depletion under disconnected (unsaturated)
conditions, For an even smaller spatial scale, Kiser (2009) used
MODFLOW to explore the influence of riffle pool sequences on
hyporheic exchanges. These examples demonstrate the polyva-
lence of applications of iteratively coupled models.

Using fully coupled, physically based models is more chal-
lenging for large spatial scales. However, as demonstrated by
Kollet et al, (2010), computational power and parallelization of
the numerical models have advanced to such a level that it ig
possible to solve the Richards equation over entire catchments.
However, fully coupled models have already been applied pre-
viously on a catchment scale, for example, by Li et al. (2008),
Abu-El-Shér and Rihani (2007), and Sudicky et al. (2008). Fully
coupled models are also increasingly used in the context of cli-
mate change simulations, such as Goderniaux et al. (2009, 2011),
and Ferguson and Maxwell (2010). Also, fully coupled models
have been used to develop hydrological response functions on
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a catchment scale, for example, Park et al. (2011), Delfs et al.
(2012), and Bartsch et al. (2014). Schilling et al. (2014) used
HydroGeoSphere to simulate the interactions and feedback
mechanisms between SW, GW, and ripairian vegetation along
the Tarim River, China. However, the number of applications
of fully coupled models on a catchment scale currently remains
limited, mainly owing to the significant computational demands
in running fully coupled models.

An important application of fully coupled models is in under-
standing the controls, the physics, and dynamics of SW-GW
systems. Frei et al. (2010) used HydroGeosphere to understand
how the microtopography of the surface controls the exchange
between the surface and the subsurface. PARFLOW has been
recently applied to understand how subsurface heterogeneity
affects hill slope runoff (Meyerhoff and Maxwell, 2011). Other
examples on the application of fully coupled models to explore
basic physics are in the area of bank filtration processes (Doble
et al,, 2012), the disconnection of SW and GW (Brunner et al.,
2009a,b), vegetation controls on GWSWI (Banks et al., 2011a),
the effect of heterogeneity on surface-subsurface exchange (Frei
et al,, 2009; Irvine et al., 2012; Kurtz et al., 2013), or the trans-
port and exchange of heat (Brookfield et al., 2009). Fully cou-
pled models have also been applied to assess the credibility of
commonly used field approaches. For example, McCallum et al.
(2010) simulated solute exchanges between rivers and river banks
to quantify the reliability of chemical baseflow separation meth-
ods. Partington et al, (2012) used the previously described HMC
method to investigate the ability of commonly used hydrograph
separation methods to estimate the GW contribution to stream-
flow by comparison to a synthetic catchment for which the GW
contribution could be elicited from the HMC method. Given
the difficulties in the field to measure the GW contribution to
streamflow, fully coupled modeling approaches are currently the
only way to quantitatively compare the performance of hydro-
graph separation methods.

9.7.6 Challenges and Opportunities

Back in the year 2002, Sophocleous (2002) identified deficien-
cies in the available GWSWI modeling approaches. A key issue
identified was the simplified representation of heterogeneity
and anisotropy. He further highlighted that most modeling
approaches are 1D or 2D, despite the 3D nature of flow dynamics
between SW and GW. An important point to add in this context
is that uncertainty analysis is not routinely carried out in the
GWSWI modeling community.

With the rapid development of fully coupled models, many
of the limitations highlighted in the Sophocleous (2002) paper
have, to a certain extent, been addressed on a conceptual basis.
For example, 3D flow through the streambed can be simulated
in fully coupled models. Also, complex geological structures
and topographies can be integrated in the modeling pro-
cess. The rapid advances in computational power, paralleliza-
tion of the solvers, and the development of new and powerful
approaches for model calibration and uncertainty analysis make
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the application of such models for catchment scale simulations
accessible. Undoubtedly, fully coupled models will also continue
to play an important role in developing our process understand-
ing of SW-GW systems. Owing to their computational efficiency,
iteratively coupled models will continue to play an essential role
in simulating SW-GW interactions for a wide range of water
resource management applications.

However, despite this optimistic assessment, important points
have to be emphasized. The capabilities of the latest generation of
numerical models do not seem to be used to their full extent. With
the increased complexity of such models, the need for construc-
tion and validation data also increased, and typically the need
greatly exceeds the available field data. For example, heterogeneity
of the streambed or the subsurface is rarely considered in SW-GW
models. The few previously discussed exceptions base their con-
ceptualization of heterogeneity on rather simplistic, multi-Gauss-
ian approaches. More targeted field studies will be required to
characterize the subsurface heterogeneity, and the available infor-
mation has to feed in more advanced geostatstical approaches that
go beyond multi-Gaussian simulations. As it is known from the
latest studies of HZ, streambed properties are transient and are
influenced by sedimentological, thermal, chemical, and biological
processes. The modern GWSWI models are currently not capable
of simulating such feedback mechanisms fully. Extending the
blueprint to this new level of complexity will undoubtedly reveal
new insights into the intriguing processes and dynamics and feed-
back mechanisms between SW and GW systems.

Abbreviations and Glossary

DTS: Distributed temperature sensing

GW: Groundwater

GWSWI: Groundwater—surface water interactions

HZ: Hyporheic zone

SW: Surface water

Bank storage effects: Flow, solute, and heat transport phenom-
ena in the adjacent aquifer, associated with stream-
stage changes.

Coupled model of groundwater-surface water interactions: A
model that explicitly couples groundwater and surface
water flow and sometimes explicitly considers vadose
zone, overland flow, and other land surface processes.

Hyporheic zone: The region beneath and alongside a stream-
bed, characterized by mixing of shallow GW and SW
and interaction of physical, chemical, and biological
processes.

Residence time: The elapsed time from tracer introduction to a
moment of achieving a certain characteristic concen-
tration for tracer in groundwater; residence time can
be associated with a certain flowpath.

Stream depletion: (Synonymous with “capture”) Decrease in
discharge of groundwater into the stream plus aquifer
recharge (induced infiltration) by the steam, induced
by groundwater withdrawals and characterized by rate
or volume,
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Transient storage zones: Zones of slowly moving surface and
subsurface water at channel sides or in shallow subsur-
face (hyporheic waters), where water, solute, and heat
are temporarily stored before re-entering a stream’s
main channel.
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Further Reading

Field methods for quantifying GWSWIs were addressed by
Rosenberry and LaBaugh (2008) and Flekenstein et al.
(2010).

General overview of GWSWT issues is given in a classic publica-
tion by Winter et al. (1998).

Heat transport across the GW and SW interface was reviewed by
Stonestrom and Constantz (2004), Anderson (2005), and
Rau et al. (2014).

Hydraulics of GWSWI for streams is well covered in the review
of Barlow and Leake (2012).

Hyporheic zone concepts with physical, chemical, and biologi-
cal aspects can be found in Aquatic Ecology series volume
(e.g., Harvey and Wagner, 2000).

Modeling of GWSWI processes has been described by Furman
(2008). Most commonly used model (GSFLOW) is
described in a report by Markstrom et al. (2008), and
intercomparison of several widely known coupled models
is available from AquaResource Inc. (2011)



