
ORIGINAL RESEARCH
published: 03 February 2021

doi: 10.3389/frwa.2020.595538

Frontiers in Water | www.frontiersin.org 1 February 2021 | Volume 2 | Article 595538

Edited by:

Tim Scheibe,

Pacific Northwest National Laboratory

(DOE), United States

Reviewed by:

Reza Soltanian,

University of Cincinnati, United States

Clare Robinson,

Western University, Canada

*Correspondence:

Scott L. Painter

paintersl@ornl.gov

Specialty section:

This article was submitted to

Water and Critical Zone,

a section of the journal

Frontiers in Water

Received: 17 August 2020

Accepted: 02 December 2020

Published: 03 February 2021

Citation:

Painter SL (2021) On the

Representation of Hyporheic

Exchange in Models for Reactive

Transport in Stream and River

Corridors. Front. Water 2:595538.

doi: 10.3389/frwa.2020.595538

On the Representation of Hyporheic
Exchange in Models for Reactive
Transport in Stream and River
Corridors
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Efforts to include more detailed representations of biogeochemical processes in

basin-scale water quality simulation tools face the challenge of how to tractably

represent mass exchange between the flowing channels of streams and rivers

and biogeochemical hotspots in the hyporheic zones. Multiscale models that use

relatively coarse representations of the channel network with subgrid models for mass

exchange and reactions in the hyporheic zone have started to emerge to address that

challenge. Two such multiscale models are considered here, one based on a stochastic

Lagrangian travel time representation of advective pumping and one onmultirate diffusive

exchange. The two models are formally equivalent to well-established integrodifferential

representations for transport of non-reacting tracers in steady stream flow, which have

been very successful in reproducing stream tracer tests. Despite that equivalence, the

two models are based on very different model structures and produce significantly

different results in reactive transport. In a simple denitrification example, denitrification is

two to three times greater for the advection-based model because the multirate diffusive

model has direct connections between the stream channel and transient storage zones

and an assumption of mixing in the transient storage zones that prevent oxygen levels

from dropping to the point where denitrification can progress uninhibited. By contrast, the

advection-based model produces distinct redox zonation, allowing for denitrification to

proceed uninhibited on part of the hyporheic flowpaths. These results demonstrate that

conservative tracer tests alone are inadequate for constraining representation of mass

transfer in models for reactive transport in streams and rivers.

Keywords: hyporheic zone, reactive transport, multiscale modeling, stochastic hydrological modeling,

contaminant transport

INTRODUCTION

Efforts to understand and model the fate and transport of solutes through streams and rivers have
focused much attention on regions of stagnant or relatively slow-moving water known as transient
storage zones. Transient storage zones include in-stream eddies and pools, biofilms, vegetation
beds and especially the regions of saturated sediment below and surrounding the flowing channel
known as hyporheic zones. Hyporheic zones in particular are widely recognized as biogeochemical
hotspots where transformation and retention rates of solutes are elevated relative to the flowing
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channel (Boano et al., 2014; Ward, 2016). Hyporheic exchange
flow (HEF), the movement of water from the channel into the
hyporheic zone and back, allows solutes to access those reactive
zones. As a result, hyporheic exchange flow is important in the
biogeochemical processing of nutrients (Duff and Triska, 2000;
Böhlke et al., 2004; Mulholland et al., 2008), organic carbon
(Grimm and Fisher, 1984; Battin et al., 2008), metals (Bourg and
Bertin, 1993; Fuller and Harvey, 2000; Palumbo-Roe et al., 2012),
and organic contaminants (Kim et al., 1995; Conant et al., 2004;
Schaper et al., 2018).

Despite the disproportionate role played by hyporheic
exchange flow in regulating downstream water chemistry, the
representation of the effects of HEF in watershed- and basin-scale
models of biogeochemical processing and water quality remains
a challenge. Helton et al. (2011) evaluated common modeling
approaches for modeling biogeochemistry in stream networks
using scaling of in situ denitrification from headwater streams
to river networks as a concrete example. They identify the need
to include hydrologic exchanges between the stream channel and
subsurface waters coupled to more mechanistic representations
of coupled biogeochemical cycles and conclude that limitations in
our current modeling approaches “restrict our ability to simulate
biogeochemical dynamics among diverse river networks.”

Models for transport of non-reacting tracers in stream
corridors have progressed from the classical transient storage
model (TSM) (Bencala and Walters, 1983) which conceptualizes
a single well-mixed transient storage zone coupled to the stream
channel by first-order mass exchange, to integrodifferential
models that accommodate a diversity of hyporheic flowpaths
with a distribution of travel times (Haggerty et al., 2002;
Wörman et al., 2002; Gooseff et al., 2003; Marion et al., 2008;
Liao and Cirpka, 2011; Lemke et al., 2013; Liao et al., 2013).
The integrodifferential models have been highly successful at
representing results of in-stream tracer tests. In particular, they
are able to reproduce late-time tailing of breakthrough curves,
which is commonly observed in stream tracer tests, important
biogeochemically, and not represented by the TSM. However, the
integrodifferential approach uses a convolution of the in-stream
solute concentration with the hyporheic travel-time distribution
to represent exchange of solutes between the stream and multiple
hyporheic zone flowpaths, an approach that does not generalize
to nonlinear multicomponent chemistry.

Recognizing the advantages of a travel-time-based model
for representing the diversity of hyporheic flowpaths and
the limitations of the integrodifferential models for reactive
transport, Painter (2018) introduced an alternative formulation
that uses the standard one-dimensional advection-dispersion-
reaction equation for the channel and couples that equation at
each channel location to a one-dimensional advection-reaction
subgrid model. Written in Lagrangian form, each subgrid model
represent an ensemble of streamlines that are diverted into the
hyporheic zone before returning to the channel. That approach,
which is referred to here as ADELS (Advection Dispersion
Equation with Lagrangian Subgrid), is formally equivalent
to the integrodifferential model for non-reacting tracers and
steady channel discharge. However, the ADELS approach
generalizes to nonlinear reactive chemistry, and thus provides

a tractable method for multicomponent reactive transport in
fluvial corridors from reach to river basin scales.

Motivated by similar considerations, Fang et al. (2020)
coupled a generalization of the TSM to the geochemical reaction
model PFLOTRAN (Hammond et al., 2014). Like ADELS, the
TSM model and generalizations are readily coupled to full
multicomponent reaction models. The TSM has been linked,
for example, to the equilibrium geochemistry code MINTEQ
(Allison et al., 1991) to form the OTIS/OTEQ model (Runkel
et al., 1996). As noted already, the single-zone TSM is not
able to represent the long-time behavior of breakthrough curves
with slowly decaying tails, which is particularly problematic
for understanding nutrient processing in streams, as the longer
travel time pathways are responsible for denitrification (e.g.,
Zarnetske et al., 2012). Fang et al. (2020) addressed that limitation
by adopting a multirate generalization of the TSM. Multirate
mass transfer models were developed for the study of transport
in porous media (Haggerty and Gorelick, 1995; Carrera et al.,
1998; Haggerty et al., 2000; Wang et al., 2005; Gouze et al.,
2008; Benson andMeerschaert, 2009) including multicomponent
reactive transport (Donado et al., 2009). Multirate mass transfer
models have been used previously to model non-reacting
transport in fluvial corridors (Silva et al., 2009; Anderson and
Phanikumar, 2011; Haggerty, 2013). Those Multirate Transient
Storage Models (mTSM) use multiple transient storage zones,
each with its own coefficient for mass transfer with the stream
channel. Importantly, mTSM and integrodifferential models are
equivalent for non-reactive tracers in steady flow with a known
relationship between the distribution of rate constants and the
hyporheic travel time distribution (Haggerty et al., 2000; Wang
et al., 2005; Silva et al., 2009).

Since both are equivalent to the integrodifferential model
for non-reacting tracers in steady flow, the ADELS and
mTSM are thus equivalent in that situation. Unlike the
integrodifferential form, both generalize to fully nonlinear
chemical reaction models and provide tractable strategies
for basin-scale simulation without sacrificing fidelity to
contemporary process understanding. However, the two models
use fundamentally different conceptualizations of the hyporheic
zone and hyporheic exchange flow, as shown schematically
in Figure 1. In mTSM, the hyporheic zone is represented as
multiple well-mixed stagnant zones, each connected by diffusive
(first-order reversible) exchange with the channel but not to
each other. In contrast, the ADELS model conceptualizes an
ensemble of one-dimensional hyporheic pathways that each
takes its upstream boundary condition from the channel and
provides a mass flux back to the channel at its outlet as in the
advective pumping model. Once discretized for computation,
computational cells representing the hyporheic zone in mTSM
are connected in parallel to the channel while in ADELS they are
connected in series. Because of that difference in model structure,
it is not clear that the two approaches would produce the same
results for reactive transport even though they are equivalent for
non-reactive transport.

Here we explore the field-scale reactive transport implications
of different conceptualizations of the hyporheic zone that are
equivalent for non-reactive transport. Specifically, we compare
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FIGURE 1 | Schematic showing mesh topology for two approaches for representing the effects of hyporheic exchange in models of reactive transport in stream and

river corridors. The multirate Transient Storage Model (mTSM) considers multiple transient storage zones of different sizes that are each coupled to the channel by

first-order reversible mass exchange. The ADELS model represent an ensemble of streamlines that are diverted into the hyporheic zone before returning to the stream

channel using a one-dimensional advection-reaction equation written in Lagrangian form with hyporheic age τ replacing the spatial coordinate. The two

conceptualizations are equivalent for non-reacting tracer transport, but not for reactive transport.

the ADELS and mTSM conceptualizations using denitrification
as a concrete example. Results are also compared to a simple
estimate (Painter, 2018) that accounts for hyporheic exchange
but treats denitrification as a first-order kinetic process. The
objectives are to identify conditions where the two models
produce similar results and where they differ and to explore
implications for the development of reactive transport models
applicable to stream and river corridors. The focus here is on
steady channel flow conditions. However, mTSM and to a limited
extend ADELS are generalizable to unsteady flow conditions in
contrast to convolution-based models.

The effect of hyporheic-zone model structure on transport
of reactive solutes has been explored previously. Kerr et al.
(2013) adopted 2-zone variants (Briggs et al., 2009) of the TSM
and explored differences between nested (series) and competing
(parallel) configurations focusing on transport with first-order
degradation. Kelleher et al. (2019) compared reactive tracer
transport assuming 1-zone and 2-zone TSMs. Yakirevich et al.
(2017) compared reactive tracer transport assuming 2-zone and
3-zone TSMs. Here we go beyond the 2- and 3-zone TSM and
focus on methods (ADELS and mTSM) that provide flexible
representations of hyporheic residence times resulting from
diverse flowpaths and include nonlinear reactive chemistry.

METHODS

Transport of Non-reacting Solutes
ADELS
A recently introduced multiscale approach (Painter, 2018) uses a
one-dimensional advection-dispersion-reaction equation for the
channel and couples that equation at each channel location to a
one-dimensional advection-reaction subgrid model representing
an ensemble of streamlines that are diverted into the hyporheic
zone before returning to the channel. The ADELS model adopts

a Lagrangian travel time framework for the hyporheic subgrid
models. Here we refer to hyporheic age τ as the time elapsed
by a tracer since it starts moving on a hyporheic streamline and
hyporheic lifetime or travel time T as the total time spent on a
given hyporheic streamline. Thus, each streamline has a single
value of T and τ replaces the spatial coordinate on that streamline
with 0 ≤ τ ≤ T. Noting that the streamlines all have the
same upstream boundary condition, which is governed by the
concentration in the stream channel, the concentration vs. age
are the same along the streamlines. Computationally, we thus
need consider reactive transport along only one representative
streamline. Solute flux from the hyporheic zone to the stream
channel can then be computed from results at intermediate
locations along that representative streamline, properly weighted
by the probability density for hyporheic travel time φ (T). The
concentration in the channel Cch is then a function of position
x along the channel and time t, Cch = Cch (t, x) , whereas the
concentration Chz in the hyporheic zone is a function of x, t and
the hyporheic age, Chz = Chz (t, x, τ).

The model for non-reacting tracers on a single reach is
expressed mathematically as

∂

∂t
(ACch) + T Cch = −αACch

+αA

∫ ∞

0
Chz (t, x,T) φ (T)dT 0 ≤ x ≤ L (1)

∂Chz

∂t
+

∂Chz

∂τ
= 0 0 ≤ τ ≤ ∞ (2)

Chz (t, x, 0) = Cch (t, x) (3)

plus initial conditions and suitable boundary conditions on the
stream channel (x = 0 and x = L). Here the transport
operator T C ≡ ∂

∂x (QC) − ∂
∂x

(

AD ∂C
∂x

)

is used to simplify

the notation. Note that the accumulation term ∂
∂t (ACch) was
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previously (Painter, 2018) included in T. The accumulation term
is written separately from the transport operator here to facilitate
a more compact representation of reactive transport. Equation 3
and the last term in Equation (1) provide the coupling between
the channel and hyporheic zone, with the latter acting as a
solute source to the channel and the channel concentration
providing the upstream boundary condition on the canonical
streamline for the hyporheic zone. The constant α [1/s] is the rate
constant for hyporheic exchange. Physically it is the volumetric
flowrate for recirculating water in the hyporheic zone per unit
channel volume.

An important numerical detail is how to calculate the integral
in Equation (1). The integral can be efficiently approximated by
considering Chz(t, x,T) as piecewise constant overN subintervals
with the subintervals selected to be equally spaced in probability.
That is, the i-th subinterval is the quantile interval from Ti−1

to Ti with Ti = 8−1
(

i
N

)

. In that interval Chz(t, x,T) is
approximated as Chz(t, x,Ti−1/2). Here 8(T) is the cumulative
lifetime distribution and 8−1 its inverse. Noting that our choice

of Ti means
∫ Ti
Ti−1

φ (T) dT = 1
N we have.

∫ ∞

0
Chz (t, x,T) φ (T)dT =

1

N

N
∑

i=1

Chz

(

t, x,Ti−1/2

)

(4)

Ti−1/2 = 8−1

(

i− 1
2

N

)

(5)

Numerical tests with conservative tracers on single reaches
showed (Painter, 2018) this representation to be highly efficient
in that it converges quickly as N increases, thus reducing the size
of the number of unknowns in the the subgrid representation.

mTSM
The multirate generalization of the TSM represents a transient
storage zone not as one zone but as a collection of sub-
zones that are each exchanging mass with the flowing channel
with different rate constants. This multirate TSM model is
conceptually equivalent to multirate sorption models used to
represent subsurface transport. They can represent an arbitrary
residence time distribution by proper choice of the distribution
of rate constants and are formally equivalent to convolution
(Haggerty et al., 2000; Pruess andWang, 2001; Wang et al., 2005)
and thus to our multiscale model for non-reacting tracers and
in steady flow. Although equivalent for non-reacting transport,
the two conceptualizations differ in how the mass exchange is
represented, which has consequences for reactive transport. In
the multirate TSM conceptualization, all computational cells in
the hyporheic zone exchange mass with the channel. That is, all
reaction cells in the hyporheic zone are coupled in parallel to
the channel. By contrast, the ADELS conceptualization couples
a one-dimensional advection reaction system to each channel
grid cell, thus connecting hyporheic grid cells in series, consistent
with advective pumping. Here we explore how that difference in
mass exchange representations results in different results reactive
transport using a model denitrification system.

We adopt a parsimonious version of the multirate TSM. For a
single non-reacting species, a continuous version of the multirate

model can be written

∂

∂t
(ACch) + T Cch = −γA

∫ ∞

0
β (Cch − Chz (β))f (β) dβ (6)

∂Chz(β)

∂t
= β (Cch − Chz (β)) ∀ β (7)

where γ is the ratio of hyporheic zone volume to channel volume
and f (β) is the probability density for the hyporheic exchange
coefficients β . Here the explicit dependence of Cch and Chz on
time t and position x are suppressed for clarity.

Following the same type of approximation used for Equation
(4), a discrete version of the mTSM can be obtained by
approximating Chz(β) as piecewise constant over N subintervals
with the subintervals selected to be equally spaced in probability.
That is, the i-th subinterval is the quantile interval from βi−1 to
βi where βi = F−1

(

i
N

)

. The interval on the right in Equation (6)
then becomes

∫ ∞

0
β (Cch − Chz (β))f (β) dβ =

1

N

N
∑

i=1

(

Cch − Chz,i

)

βi−1/2

(8)
A discrete mTSM is then given by

∂

∂t
(ACch) + T Cch = −

γA

N

N
∑

i=1

βi−1/2

(

Cch − Chz,i

)

(9)

∂Chz,i

∂t
= βi−1/2

(

Cch − Chz,i

)

∀ i (10)

βi−1/2 = F−1

(

i− 1
2

N

)

(11)

Equivalence Between the ADELS and mTSM Models
Assuming, for the purposes of this comparison, that solute
concentration in the hyporheic zone is initially zero, the
continuous version of the multirate model has an equivalent
convolution form (e.g., Wang et al., 2005), which can be written

∂

∂t
(ACch) + T Cch = −Aγ 〈β〉Cch + Aγ 〈β〉

∫ t

0

φ (t − τ)Cch (τ ) dτ (12)

where the hyporheic lifetime density φ (t) is the derivative of the
so-called memory function (Carrera et al., 1998; Haggerty et al.,
2000) normalized by the mean exchange rate constant 〈β〉. The
hyporheic lifetime density is explicitly related to f (β) (e.g., Wang
et al., 2005)

φ (t) =
1

〈β〉

∫ ∞

0
f (β) β2 exp (−βt) dβ (13)

Equation 10 is equivalent to the ADELS model when the
hyporheic exchange rate is α = γ 〈β〉 and hyporheic lifetime
density is given by Equation (13).

The discrete forms of the ADELS and mTSM models can be
related by selecting the quantiles Ti of the hyporheic lifetime
distribution in ADELS based on the distribution of rate constants
in mTSM. The hyporheic lifetime quantile Ti in the ADELS
model [see Equation (5)].

∫ Ti−1/2

0
φ (T) dT =

i− 1
2

N
(14)
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Integrating both sides of Equation (13) with respect to t from 0
to Ti−1/2 gives

1

〈β〉

∫ ∞

0
βf (β)

[

1− e−β Ti−1/2

]

dβ =
i− 1

2

N
(15)

Given a probability density for the exchange rate constants in the
mTSM f (β), Equation (15) can be solved for each i = 1,N to
determine the hyporheic lifetime quantiles Ti−1/2 for use in the
ADELS model.

Multicomponent Reactive Transport
Both ADELS and mTSM generalize to general multicomponent
reactive transport. To keep things simple, we assume the reaction
system is completely kinetically controlled. Although not
addressed here, large reaction systems involving a combination
of kinetically controlled and equilibrium reactions are easily
accommodated by placing the system in canonical form
(Lichtner, 1985, 1996) where algebraic mass action equations
replace the differential equations for a subset of the species.

ADELS
Although mathematically equivalent to a convolution in the
case of steady flow and no reactions, the Lagrangian subgrid
formulation generalizes to include nonlinear reactions (Painter,
2018) while the convolution does not. Neglecting non-reactive
zones for clarity (although easily included) and adopting the
quadrature Equations (4), (5) the reactive transport system can
be written

A
∂Cch

∂t
+ TB ◦ Cch = −AαhzB ◦ Cch

+
Aαhz

N

N
∑

i=1

B ◦ Chz

(

t, x,Ti− 1
2

)

+ APch (Cch) + ASch (16)

∂Chz

∂t
+ B◦

∂Chz

∂τ
= Phz (Chz) (17)

Chz (t, x, 0) = Cch (t, x) (18)

Here bold quantities represent column vectors, Cch (t, x) and
Chz (t, x, τ) contain the species concentrations in the channel and
hyporheic zones, respectively, Sch is the direct solute source to the
channel, B is a column vector with elements equal to 1 for mobile
species and 0 for immobile species, and the operator ◦ denotes
element-wise multiplication. The element-wise multiplications
by B ensure that immobile species are not transported and
not transferred between the hyporheic zone and channel.
The vector-valued vector functions Pch (Cch) and Phz (Chz)

describe the transformation (production/consumption) rates
caused by reactions as functions of local concentrations. Note
that each species depends on all the other species through the
reaction terms.

mTSM
The mTSM model generalizes to multicomponent reactive
transport in a similar way:

A
∂Cch

∂t
+ TB ◦ Cch = −

γ A

N

N
∑

i=1

βi−1/2

(

Cch − Chz,i

)

◦ B

+ A Pch (Cch) + ASch (19)

∂Chz,i

∂t
= βi−1/2

(

Cch − Chz,i

)

◦ B+ Phz
(

Chz,i

)

∀ i (20)

Here the element-wise multiplication with B again prevents
immobile species from being transported and transferred
between the storage zones and the channel.

Model Reaction System
A simple denitrification example is used here to compare how
different representations of hyporheic exchange impact reactive
transport simulations. The denitrification example tracks a single
representative dissolved organic carbon (DOC) species with
chemical composition CH2O, dissolved oxygen, and nitrate with
aerobic respiration and denitrification reactions

CH2O+O2

(

aq
)

→ CO2

(

aq
)

+H2O (21)

CH2O+
4

5
NO−

3 +
4

5
H+ →

4

10
N
2

(

aq
)

+CO2

(

aq
)

+
7

5
H2O (22)

in the subgrid system, but not in the channels. Dissolved
oxygen is held constant in the channel to represent re-aeration.
Nitrate and DOC are introduced at the upstream boundary
of the channel reach and tracked throughout. Carbon released
from buried particulate organic carbon is neglected here. This
example uses an implicit representation of microbially mediated
denitrification. That is, the dynamics of microbial biomass is not
explicitly simulated. Instead, the net effects of those reactions
are described by dual-Monod kinetics with oxygen inhibiting
denitrification. Explicit representations of microbial dynamics
are available (e.g., Sanz-Prat et al., 2015) and have been used
in the ADELS framework by Painter (2018). Implicit variants
with more complete description of the reaction system are
also available (e.g., Fang et al., 2020). For the purposes of
our comparison, we adopt a simple but still nonlinear version.
Production rates are represented as

rDOC = −rO2 −
5

4
rNO3 (23)

rO2 = −kaerM
(

CO2,K
O2
aer

)

M
(

Cdoc,K
doc
aer

)

(24)

rNO3 = −kdenM
(

CNO3,K
NO3
den

)

M
(

Cdoc,K
doc
den

)

M
(

KO2inh
den ,CO2

)

(25)

Here M(A,B) ≡ A
A+B represents Monod kinetics or an inhibition

function, depending on the order of concentration and model
parameter in the argument list. That is, ifC is a concentration and
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TABLE 1 | Reference case reaction parameters.

Symbol Description Value Units

kaer Maximum respiration rate for

aerobes

0.1 µM s–1

kden Maximum denitrification rate 0.016 µM s–1

Kdoc
aer Monod half-saturation for DOC in

aerobic degradation

45 µM

KO2
aer Monod half-saturation for oxygen

in aerobic degradation

6 µM

Kdoc
den Monod half-saturation for DOC in

denitrification

45 µM

KNO3
den Monod half-saturation for nitrate

in denitrification

50 µM

KO2inh
den Oxygen inhibition constant for

denitrifiers

0.3 µM

Cin
DOC

Upstream boundary condition on

DOC

500 µM

Cin
O2 In-stream value of oxygen (fixed) 250 µM

Cin
NO3 Upstream boundary condition on

nitrate

130 µM

K is a constant, then M(C,K) represents Monod kinetics with
Monod half-saturation K. Switching the order of the arguments,
M(K,C), defines an inhibition function with the constant K
taking the role of inhibition constant. Symbol definitions and
reaction parameter values for the reference case are defined in
Table 1. The rate constants kaer and kden were selected to make
the half-lives for oxygen consumption and denitrification to be
1 and 5 h, respectively (Gomez-Velez et al., 2015). The Monod
parameters are from Gu et al. (2007).

Numerical Experiments
Several numerical experiments with different physical hydrology
parameters and different assumptions about the geochemical
inputs exemplify sensitivity of reactive transport to how
hyporheic exchange is represented. In these examples, the
two-point flux finite-volume method was used for spatial
discretization of the discrete-rate form of the mTSM and
ADELS. The resulting system of nonlinear ordinary differential
equations where then solved using the NDSolve routine in
MathematicaTM. In all examples, the channel was discretized into
50 computational cells. No significant differences were found in
mesh convergence tests with 25 cells (not shown).

Channel parameters for the reference case are Q = 1
m3/s, A = 1.1 m2, D = 2 m2/s, and channel width of
2.78m. The channel area A and width w were chosen to be
consistent with well-known hydraulic geometry rating curves
(Leopold and Maddock, 1953) and the assumed discharge Q.
Empirical relationships shown graphically in Figure 1 of Gomez-
Velez and Harvey (2014) were then used to select values for
the hyporheic exchange coefficient α and median hyporheic
lifetime that are consistent with the discharge and channel width.
The reference case values α = 2.5 × 10−4s−1 and median
lifetime of 1 h correspond to a median grain size of∼1.5mm and
geomorphic features dominated by dune-shaped bedforms. Note
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FIGURE 2 | Cumulative distribution of hyporheic lifetime for two choices of the

distribution of β, the hyporheic exchange rate coefficient, as calculated from

Equation (15). The blue curve is for the reference case, a log-normal

distribution of β with with log-variance of 1. The black curve uses a narrower

distribution with log-variance 0.25. In both cases, the median travel time was

constrained to be 1 h.

that Figure 1 of Gomez-Velez and Harvey, 2014, uses hyporheic
flux qhz instead of our hyporheic exchange coefficient; the two are
related as α = qhz/d where d is water depth in the channel.

To complete the physical hydrology model, a distribution of
the exchange rate constant β is needed for the mTSM model and
a corresponding set of hyporheic lifetime quantiles Ti is needed
for the ADELS model. A distribution shape was first assumed
for the mTSM model. Then Equation (15) was used to calculate
the corresponding hyporheic lifetime quantiles Tis for use in the
ADELS model. A log normal distribution with log-variance of
1.0 was used for the reference case. The arithmetic mean was
selected as 0.38 hr−1 to make the median hyporheic lifetime 1 h.
Finally, the hyporheic volume fraction γ for use in the mTSM
model was then selected as γ = α/ 〈β〉 to make the two models
equivalent (see Section “Equivalence Between the ADELS and
mTSMModels”).

A variant case with Q = 10 m3/s and A = 1.1 m2 is also
considered. For this case, the hyporheic exchange coefficient is
α = 1.0 × 10−3s−1 and the median hyporheic lifetime is 0.5 h,
correspond to a median grain size of ∼3mm and geomorphic
features dominated by submerged alternate bars (Gomez-Velez
and Harvey, 2014).

Figure 2 shows the resulting cumulative distribution of
hyporheic lifetimes, as calculated from Equation (15) for the
reference case with log-variance σ 2

lnβ
= 1 and a variant case with

log-variance σ 2
lnβ

= 0.25. The geometric mean exchange rate was

selected to keep the median hyporheic lifetime T50 to same at 1 h.
The variant case with σ 2

lnβ
= 0.25 lacks the slowly decaying tail of

the reference case.
Several variant cases illustrate sensitivities, including different

mean and log-variance for the exchange rate coefficient
distribution, different median travel times, different DOC
concentration, and different Monod parameters. In each case,
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FIGURE 3 | Channel concentration at 3 km relative to the inlet concentration

for a conservative tracer test for three values of α, the hyporheic exchange rate

constant. The solid curves are for the ADELS model and the dashed curves

are for the mTSM.

denitrification result for the ADELS and mTSM models are
compared to a first-order kinetic estimate (Painter, 2018) that
neglects carbon limitations and assumes the entire hyporheic
zone is active in denitrification

Cout

Cin
=

1− ηx
(

1− e−Da
)

1+ ηx
(

1− e−Da
) (26)

where η = αwd
2Q is one-half the ratio of hyporheic exchange flux

to channel discharge, Da = λT50 is the Damköhler number for
the hyporheic flowpath, T50 is the median hyporheic lifetime, and

λ =
kden
Cin
NO3

is the first-order decay constant for nitrate removal.

RESULTS

Conservative Tracer Transport
Figure 3 shows concentration in the stream channel as calculated
by the mTSM and ADELS models assuming a hypothetical tracer
test in a single reach of length 3,000m. In these examples, a
conservative tracer is injected into a steady stream discharge for a
period of 12 h. Solid curves are the concentration in the channel
at 3,000m assuming the ADELS model and the dashed curve are
from the equivalent mTSMmodel. The three cases shown are for
different values of the exchange coefficient α. The tailing in all
three cases is caused by solutes returning to the channel from
the hyporheic zone after the solute injection is finished, the result
of exchange with the hyporheic zone. Larger α results in more
pronounced tailing. As expected, results from the two models
overlay each other and are indistinguishable on this scale. The
cases in Figure 3 and all cases shown here used N = 50. When
smaller N = 25 is used, corresponding to fewer transient storage
zones in the mTSM model and coarser discretization of the
hyporheic lifetime, relatively small differences between the two
models are apparent in the extreme tail of the breakthrough curve
(result not shown). Although the mTSM and ADELS models are
equivalent in their continuous versions, their discrete versions
are not guaranteed to be equivalent unless N is large.

Reference Case Reactive Transport
Although the mTSM and ADELS model can be made equivalent
for conservative tracers by appropriate choice of the mass
exchange coefficients in the mTSM model, the two models
have different connectivity to the stream channel, which has
the potential to affect biogeochemical processes. Here we use
denitrification as an example to explore the biogeochemical
consequences of that difference in coupling between transient
storage zones and the flowing channel.

The fraction of the initial nitrate removed is shown vs.
distance in Figure 4 for the mTSM (dashed) and ADELS models
(solid). Figure 4A is for the reference case and Figure 4B is
or the case Q = 10 m3/s. In these examples, the hyporheic
zone and channel were initially free of solutes. At t = 0, the
upstream boundary conditions shown in Table 1 were imposed
and the system was then allowed to come to steady state. The
mTSM model predicts nitrate removal that is approximately
one-third that of the ADELS model at 3 km despite the fact
that conservative transport is identical. Moreover, the difference
is increasing downstream and would be larger when modeling
larger sections of streams and rivers.

The reason for the lower denitrification rates in the mTSM
model can be seen by examining DOC, oxygen and nitrate
concentrations in the hyporheic zone, as shown in Figure 5.
Concentrations are shown vs. hyporheic age for the ADELS
model. The mTSM does not have a direct equivalent to hyporheic
age. For comparison purposes the half-life for storage zone i,
that is ln 2/βi, is used for the characteristic time. The channel
location in this case is 1.5 km from the inlet. The LS model
shows the classic pattern of redox zonation with oxygen dropping
to negligible levels after about 1 h of hyporheic age. Oxygen
is resupplied to the transient storage subzones in the mTSM
through direct diffusive exchange with the channel. As a result,
oxygen is never completely consumed in the mTSM and oxygen
concentrations remain above value of the inhibition constant
KO2inh
den

, which partially suppresses denitrification. As a result,
denitrification rates are lower in the mTSM model, as shown in
Figure 4.

In Figure 4, the first-order model predicts larger
denitrification rates than ADELS for both the Q = 1 and Q
= 10 cases. Those differences are partly due to the fact that
the short-lifetime part of the hyporheic lifetime distribution
experiences only aerobic conditions and thus does not contribute
to denitrification, a process that is accounted for in ADELS but
not in the first-order model. The other contributing factor is
carbon limitation, which is modest on the upstream side of the
reach but becomes more important moving downstream as DOC
is consumed, causing the nitrate removal to depend nonlinearly
on distance downstream in Figure 4 for ADELS.

Sensitivity to Model Parameters and
Environmental Conditions
Shown inTable 2 are percent of nitrate removed at 1 and 3 km for
different assumed values for α, the β distribution, and selected
chemical parameters. In all cases examined, ADELS predicts
significantly greater removal of nitrate, further emphasizing the
sensitivity of reactive transport to model structure. Relative
differences between the two models is not particularly sensitive
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FIGURE 4 | Percentage of incoming nitrate removed vs. travel distance for the ADELS model (solid curve) and the mTSM model (dashed curve) for reference case

assumptions (A) and a variant case with channel discharge of 10 m3/s (B). The blue line is a first-order estimate that neglects reactant depletion and oxygen inhibition.
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FIGURE 5 | Hyporheic zone concentration for the ADELS model (solid curves)

and the mTSM (dashed curves). The blue curve represents oxygen

concentration, the green curve nitrate, and the black curve DOC. The x-axis is

hyporheic age in the ADELS model and a characteristic time related to the

exchange coefficient in the mTSM. Note that oxygen concentrations in the

mTSM model do not drop below the inhibition constant for denitrification, thus

partially inhibiting denitrification in the mTSM model.

to the physical or biogeochemical assumptions, with mTSM
predicting nitrate removal that is 32–55% that of ADELS.
The linear first-order model predicts significantly greater
denitrification compared to ADELS, highlighting the role of the
non-idealities noted above (i.e., carbon limitations and inhibition
of denitrification by oxygen) that are not accounted for in the
first-order estimate.

Nitrate removal in the ADELS model is sensitive to the
nitrate/DOC ratio if that ratio is below a threshold value.
Increasing the incoming DOC concentration by 50% compared
to the reference case results in amodest increase in denitrification
(Table 2). However, decreasing the incomingDOC concentration
by 20% results in a significant decrease in denitrification. That
asymmetric sensitivity indicates the reference case condition is at
the threshold for carbon limitation.

TABLE 2 | Percent of nitrate removed at 1,000 and 3,000 meters for the ADELS

and mTSM models.

1,000 m 3,000 m

Equation ADELS mTSM Equation ADELS mTSM

(26) (26)

Reference case 9.5 6.1 2.4 26 16 5.9

T50 = 2 h 15 9.8 5.5 39 23 12

σ 2
β = 0.25 9.5 5.0 2.0 26 13 5.0

α = 5 × 10−4 s−1 18 11 4.3 45 18 6.3

α = 1.25 × 10−4 s−1 4.8 3.1 1.2 14 9.2 3.5

Cin
DOC

= 750 µM 9.5 6.6 2.9 26 19 8.6

Cin
DOC

= 400 µM 9.5 4.7 1.7 26 8.4 2.7

kden = 0.04µMs−1 15 8.0 3.7 39 20 8.8

Figure 6 shows nitrate removal as a function of distance along
the reach for the ADELS and mTSM models when the incoming
DOC concentration is increased by 50% over the reference
case. In this case, the nitrate removal in the ADELS model is
close to linear with distance and tracks closer to the first-order
estimate. As in the reference case, the ADELS model is predicting
significantly greater removal of nitrate.

Figure 7 shows calculated concentrations vs. distance for the
same high DOC case. With sufficient DOC, the ADELS model
shows redox zonation with oxygen dropping to negligible levels
after about 1 h of hyporheic age and nitrate dropping to negligible
levels after approximately 10 h. By contrast the mTSM model
does not produce complete redox zonation.

DISCUSSION AND CONCLUSIONS

In the situation of conservative tracers and steady stream
discharge, the two models compared here, mTSM and ADELS,
are equivalent to well-known integrodifferential representations
of tracer transport, which have been very successful in
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FIGURE 6 | Percentage of incoming nitrate removed vs. travel distance for the

ADELS model (solid curve) and the mTSM model (dashed curve) for a variant

case with higher incoming DOC.
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FIGURE 7 | Hyporheic zone concentration for the ADELS model (solid curves)

and the mTSM (dashed curves). The blue curve represents oxygen

concentration, the green curve nitrate, and the black curve DOC. The x-axis is

hyporheic age in the ADELS model and a characteristic time related to the

exchange coefficient in the mTSM.

reproducing results of conservative tracer tests. Unlike the
integrodifferential formulations, mTSM and ADELS generalize
to multicomponent reactive transport. It was shown here that
although the two model structures produce equivalent results
for conservative tracers, they predict very different results for
reactive transport.

Significantly, distinct redox zonation did not fully develop
in any of the mTSM cases considered here despite the fact
that a significant fraction of the hyporheic lifetimes were long
enough to consume oxygen. That significant oxygen remains
is a result of the mTSM model structure, which assumes that
each transient storage zone is well mixed and imposes direct
connections between the channel and each transient storage
subzone, effectively mixing waters of different hyporheic ages
and preventing oxygen from being fully consumed. By contrast,

the ADELS model produces the expected redox zonation in the
hyporheic zone submodel with complete consumption of oxygen
and, when sufficient DOC is available, complete consumption
of nitrate. As a result of its inability to represent distinct
redox zonation with full consumption of oxygen, the mTSM
model does not fully activate denitrification and results in
significantly smaller reach-scale denitrification as compared
to ADELS.

The ADELS and the mTSM model both produced smaller
nitrate removal as compared to the linear first-order model.
Deviations from the linear first-order model have two causes
in these examples. First, the linear first-order model does not
account for the portion of the hyporheic lifetime distribution
that lies in the aerobic range and thus does not contribute to
denitrification. Second, carbon limitations become important in
these examples as we move downstream, which are accounted
for in both multiscale models, but not in the first-order
estimate. Of course, that carbon limitation may not be relevant
in systems where DOC is produced by dissolution of buried
particulate organic carbon, which is important in some systems
(e.g., Gu et al., 2007; Zarnetske et al., 2011). Overall, both
ADELS and mTSM are able to represent a richer range of
physical phenomena, as compared to a simple first-order
denitrification model.

The inability of the mTSM model to represent redox
zonation has implications for the ability of that model to
represent the processing of other redox-sensitive contaminants.
An important example is the methylation of inorganic mercury
to the neurotoxin methylmercury, which requires fully anaerobic
conditions. Given environmental conditions favorable for
methylation—sufficiently long hyporheic lifetimes and sufficient
DOC—the ADELS model will generate fully anaerobic local
conditions in the long-lifetime portion of the hyporheic
subgrid model.

Efforts to include more detailed representations of
biogeochemical processes in basin-scale water quality simulation
tools naturally lead to multiscale models that use relatively coarse
representations of the channel network with subgrid models
for mass exchange with, and reactions in, transient storage
zones. A wide variety of model structures could be imagined
for such multiscale models, depending on the mesh topology
and whether the mass exchange is diffusive or advective.
The two model structures explored here may be regarded
as end members of such multiscale models. The mTSM is
consistent with diffusively controlled exchanges between the
channel and multiple well-mixed and mutually independent
transient storage subzones. The ADELS model is based on
advective exchange between the channel and hyporheic zone
and an ensemble of one-dimensional flowpaths through the
hyporheic zone.

Given that the two conceptualizations predict different results
for reactive transport, an obvious question is how to constrain
the model structure. At a conceptual level, ADELS is consistent
with advective pumping through channel bedforms, pool-rifle
complexes, alternating point bars, and meander bends, well-
established processes for many streams. The diffusion-controlled
exchange implicit in the mTSM model is consistent with
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low-permeability sediments and is thus also relevant for many
streams and rivers. The well-mixed approximation for each
subzone in mTSM is arguably difficult to reconcile with physical
intuition especially for transient storage zones that have long
residence times, where we would expect significant gradients to
exist in the subzones. Indeed, the neglect of those gradients is
the reason the mTSM fails to represent fully developed redox
zonation. An extension of multirate models that represents one-
dimensional diffusion into transient storage subzones instead of
well-mixed subzones would resolve that inconsistency. Another
potential model structure would be to combine diffusion- and
advection-based conceptualizations.

Questions about model structure in multiscale models
for reactive transport in stream corridors must be decided
from available data. It might be expected that model structure
for mass transfer could be resolved from conservative tracer
tests alone leaving only reaction processes and parameters
to be inferred by other means. However, these results show
the opposite: conservative tracer tests alone are insufficient
for distinguishing between different conceptualizations of
mass transfer for use in reactive transport models and
must be augmented by other types of data. Clearly, reactive
or “smart” tracers have an important role to play, as do
insights gained from sampling along hyporheic flowpaths
and detailed three-dimensional simulations of individual
hydrogeomorphological structures. In addition, synoptic
sampling of stream chemistry across multiple stream orders
combined with uncertainty-aware inverse modeling will likely be
necessary to reduce model structural uncertainty to acceptable
levels in emerging multiscale models for reactive transport in
stream corridors.
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