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Large-eddy simulation and low-order modeling of sediment-oxygen
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[1] We have tested a dissolved oxygen (DO) transport model based on large-eddy
simulation (LES) of a transitional oscillatory flow observed in the bottom boundary layer
of Lake Alpnach, Switzerland. The transition from a quasi-laminar to a fully turbulent
state makes this flow difficult to study with a Reynolds-averaged Navier-Stokes equation
(RANSE) model. By resolving the full range of governing transport processes, LES
provides a reliable prediction of the sediment-oxygen uptake (SOU). The model
biogeochemical and flow parameters have been calibrated against DO and velocity
measurements from published in situ data at the earliest phase available in the cycle. The
fully developed flow thus obtained is used as an initial condition for the imposed
oscillatory forcing. Numerical predictions show that transport in the outer layer is in
equilibrium with the main current throughout most of the cycle and that nonequilibrium
effects are limited to the diffusive sublayer response to the external forcing. During flow
deceleration, the concentration boundary layer slowly expands as turbulence decays;
later, during re-transition, mixing is restored by rapid and intense turbulent production
events enhancing the SOU with a well-defined time lag. An algebraic model for the SOU
is proposed for eventual inclusion in RANSE biogeochemical management-type models
developed based on parameterizations used in turbulent mass transfer and with the
support of published numerical data and the present simulation. The only input
parameters required are the sediment oxidation rate, bulk temperature and DO
concentration, and friction velocity.
Citation: Scalo, C., L. Boegman, and U. Piomelli (2013), Large-eddy simulation and low-order modeling of sediment-oxygen
uptake in a transitional oscillatory flow, J. Geophys. Res. Oceans, 118, doi:10.1002/jgrc.20113.

1. Introduction
[2] The prediction of dissolved oxygen (DO) concen-

trations is critical for managing and monitoring marine
ecosystems. Oxygen evolves in water bodies as a high-
Schmidt-number passive scalar with saturation levels de-
pendent on temperature. It is entrained at the surface,
produced by algae and plants, and transported vertically
in the water column by turbulent mixing. In the sediment
layer, decomposition of dead organic matter by oxygen-
consuming bacteria can cause the DO concentration to
drop to unsustainable levels for aquatic life. Therefore, the
sediment-oxygen uptake (SOU) is the most important fac-
tor affecting oxygen depletion in the bottom mixed layer of
water bodies [Patterson et al., 1985].
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[3] There are considerable environmental and econom-
ical impacts of oxygen depletion [Committee on Envi-
ronment and Natural Resources, 2010]; however, the
interactions among the processes involved in DO trans-
fer across the sediment-water interface (SWI) and absorp-
tion by an organic sediment bed are not well understood.
This knowledge gap hampers the fidelity of currently
adopted predictive tools for ecosystem management
[Koseff et al., 1993; Boegman et al., 2008a]. A system-
atic study of the physical processes leading to oxygen
depletion is therefore required. These can be grouped
into water-side and sediment-side transport [Grant and
Marusic, 2011].

[4] Transport on the water side is governed by hydro-
dynamics. The velocity spectrum extends from basin-scale
waves (order of kilometers) down to the Kolmogorov length
scale, � (order of centimeters or less). A high-Schmidt-
number scalar such as DO exhibits sub-Kolmogorov scales
(smaller than �), which extend down to the Batchelor
scale, �B, typically of the order �/30 for DO. Moreover,
in the presence of a SWI, the molecular mass transfer is
concentrated in a very thin diffusive sublayer (order of
millimeters) [Wuest and Lorke, 2003] that is modulated by
near-wall turbulent coherent structures [Scalo et al., 2012b].
The presence of roughness can also significantly alter the
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turbulent flow structure, changing the overall rates of mass
and momentum transport [van Rijn, 1984].

[5] On the sediment side, a wide range of processes occur,
ranging from biochemical reactions to hyporheic transport.
The latter is defined as the exchange of solutes and momen-
tum between water and sediments by means of advection
[Grant et al., 2012]. Due to their inherent complexity and
multi-scale nature, an empirical approach is often inevitable.
The most important biochemical process governing oxy-
gen depletion is bacterial absorption via organic matter
decomposition, currently modeled as a nonlinear sink term
proportional to the average bacterial population density �,
which is not directly measurable [Higashino et al., 2008].

[6] In general, every solute dissolved in the pore water
is transported by means of molecular diffusion, governed
by porosity ', mean advection and dispersion by pore
water flow, governed by permeability K. Pore water flow
is driven by nonuniform pressure distributions at the SWI
[Riedl et al., 1972; Boudreau and Jørgensen, 2001;
Higashino et al., 2009]. Depending on the sediment proper-
ties, the transport can be diffusion or advection dominated.
In the presence of a sharp interface with cohesive sed-
iments, diffusional transfer is expected to be dominant,
while coarse-grain sediment beds may experience intense
hyporheic exchange. Due to the interdependency of all of
the aforementioned processes, a fully coupled approach
is needed.

[7] Several complete (water and sediment) DO measure-
ments are available at laboratory scale [e.g., O’Connor
and Hondzo 2008]. Only a few numerical attempts, to
our knowledge, have been made to reproduce the com-
plete system with a fully coupled approach. These include
Reynolds-averaged Navier-Stokes equations (RANSE)
[Higashino et al., 2008; Higashino and Stefan, 2011] and
large-eddy simulation (LES) [Scalo et al., 2012a] models.
Both approaches have led to the development of models
which have been calibrated to determine realistic estimates
of the governing biogeochemical parameters (porosity, per-
meability, bacterial population); the LES has demonstrated
high fidelity modeling of the unsteady small-scale pro-
cesses, allowing the direct resolution of the near-wall turbu-
lent coherent structures driving the hyporheic exchange and
the mass transfer.

[8] The understanding acquired in the aforementioned
lab-scale investigations can be used to interpret field-scale
observations, for which extensive data are very onerous
to collect. In Bryant et al. [2010], turbulence induced by
an oscillatory current and the vertical distribution of DO
above and within the sediments were measured and ana-
lyzed in Lake Alpnach, a lake in central Switzerland with
pronounced seiching (i.e., presence of basin-scale stand-
ing waves with very long oscillation periods). The transient
nature of the SOU is stressed, as well as its correlation
with the phase-average near-wall turbulent intensity. This
is the first attempt to correlate the mass transfer across the
SWI to the large-scale dynamics and is a natural exten-
sion of the earlier work by Lorke et al. [2003] who focused
on the near sediment region. Brand et al. [2008] have
also investigated turbulent transport away from boundaries
with the eddy-correlation (EC) technique, revealing a highly
intermittent behavior of the vertical DO turbulent flux,
sometimes exceeding (therefore, not in equilibrium with)

the SOU. These observations are consistent with momentum
and mass transport mechanisms present in turbulent oscillat-
ing boundary layers [Hino et al., 1983; Spalart and Baldwin,
1987; Costamagna et al., 2003].

[9] Despite the aforementioned experimental, numerical,
and field work, there is currently no process-oriented model
for the SOU that could take advantage of all the resolved
quantities in RANSE models adopted for field-scale appli-
cations. The most advanced aquatic ecosystem model,
to our knowledge, is the Computational Aquatic Ecosys-
tem Dynamics Model (CAEDYM) [Hipsey and Hamilton,
2008]. Here a simple SOU model (referred to as static)
is available where the DO flux is a function of the near-
bed water temperature and DO concentration, bounded by
an assigned maximum value. A more sophisticated SOU
model (referred to as dynamic) is also available and incor-
porates a comprehensive characterization of the sediment
geochemistry and organic matter diagenesis. Although the
dynamic model includes Fickian-based solute flux (from the
water side) at the SWI, there is no explicit dependency on
near-wall flow parameters such as wall-shear stress or turbu-
lent dissipation and, due to the numerous input parameters
required, has never been fully validated. As the literature
shows, the SOU depends heavily on the flow conditions
[O’Connor and Hondzo, 2008; Scalo et al., 2012a]; if the
flow is laminar or turbulent mixing is not fully established
or is inhibited by other factors, the DO flux to the sedi-
ments can become negligible, given the very low molecular
diffusivity of DO in water.

[10] In currently adopted models, the SOU is typically
a case-dependent, tuneable parameter, fixed in time (and
often in space) so that water-quality models can reproduce
observations. The spatial and temporal variability of the
(calibrated) DO flux at the SWI can, however, exceed an
order of magnitude. In Trolle et al. [2008], the DO flux
to the sediments is fixed to 0.7 g m–2 d–1 as a calibration
parameter to match data for Lake Ravn, Denmark. In the
work by Leon et al. [2006] in Lake Erie, a static model for
the SOU is used with a maximum value of 0.6 g m–2 d–1

[Leon et al., 2012]. Boegman et al. [2008b] for Lake Erie
used an SOU coefficient of 0.55 g m–2 d–1. Based on the
formulation in Zhang et al. [2008], Conroy et al. [2011] for
the same lake used a maximum SOU of 0.23 g m–2 d–1.
Patterson et al. [1985] used 0.39 g m–2 d–1, obtained from
Burns and Ross [1972], for central Lake Erie in August.
Matisoff and Neeson [2005] report values in Lake Erie
exhibiting more than an order of magnitude fluctuations
(from 0.1 to 5.5 g m–2 d–1) due to seasonal and spatial vari-
ations. This variability is not captured in RANSE models
where SOU is fixed in time and space (except for the temper-
ature dependence in CAEDYM). The discrepancy between
observed and model-adopted values, together with the com-
plexity of field scale measurements, motivates the need to
develop a simple time-space variable predictive model for
SOU to be included in a RANSE code.

[11] In the present work, we adopt the eddy-resolving
oxygen transport model developed by Scalo et al. [2012a]
to reproduce numerically the processes leading to the SOU
observed in the seiche-induced flow in Lake Alpnach
studied by Bryant et al. [2010]. The goal is not to validate
the model with the published field data but rather to design
an idealized companion LES inspired by it. This allows
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us to generate self-consistent (and geophysically relevant)
data to assist the development of a process-oriented lower-
order predictive model for the SOU, which is warranted in
field-scale applications.

[12] The advantage of adopting an LES-based methodol-
ogy lies in the ability to reproduce synthetically and analyze
the instantaneous and three-dimensional structure of the
velocity and concentration field, above the SWI and in
the sediment layer. This provides reliable predictions under
specified fluid dynamic and biogeochemical conditions and
an accurate description of the physical processes involved.
If the LES model were to be used to directly predict the
field data analyzed here, initial and boundary conditions
would have to be specified to the same (or higher) degree of
accuracy and detail than provided by the LES model itself.
While this proves to be impossible, comparison between the
observations and LES still offers a very valuable contribu-
tion towards unraveling the fundamental physical processes
involved in oxygen depletion driven by unsteady turbulence.

[13] In the following, we describe the complete transport
model, based on LES, and the basic principles behind the
proposed low-order model for the SOU. The computational
setup adopted to model the hydrodynamic and biogeochem-
ical conditions observed by Bryant et al. [2010] is also
presented. Results from the LES are then shown together
with the companion field data. Finally, the algebraic SOU
model is empirically closed with data extracted from the
present and previously published simulations and additional
field data.

2. Methodology
2.1. Large-Eddy Simulation of Oxygen Transfer to the
Sediment Layer

[14] LES is a well-established approach in the field of
turbulent simulations allowing the prediction of turbulence
characteristics for a wide variety of flows. The main idea
is to adopt grids fine enough to resolve directly the evolu-
tion of the large turbulent scales that are strongly dependent
on the initial and boundary conditions while modeling
the residual mixing and dissipation occurring in the unre-
solved subgrid scales, which are supposed to exhibit univer-
sal characteristics [Richardson, 1922; Kolmogorov, 1941].
A direct numerical simulation (DNS) of a high-Schmidt-
number transported scalar such as DO would require a grid
approximately 30 times finer in each direction than the
Kolmogorov scale. This makes DNS prohibitive, especially
for field-scale applications. LES is a feasible alternative
since the scalar field and the velocity field share the same
integral scale, and the effect of all subgrid scales (sub-
Kolmogorov and not) are accounted for in the model.

[15] The governing equations on the water side for the
velocity field are the filtered continuity and Navier-Stokes
equations [Leonard, 1974]:

@ui

@xi
= 0, (1)

@uj

@t
+
@uiuj

@xi
= –

1
�

@p
@xj

–
@�ij

@xi
– f1ı1j – f3ı3j + �r2uj (2)

where x1, x2, and x3 (or x, y, and z) are, respectively, the
west-to-east, wall-normal, and north-to-south directions; ui

is the filtered velocity component in the ith direction, and �
and � are the fluid density and kinematic viscosity; and ıij is
the Kronecker delta. The forcing terms f1 and f3 are the two
mean pressure gradient components adjusted to achieve the
desired flow rate in the x and z directions to reproduce the
seiche dynamics.

[16] A top-hat filter is implicitly applied composed of
three one-dimensional three-point discrete filters. The sub-
grid scale (SGS) stresses �ij = uiuj – uiuj are parameterized
by an eddy-viscosity model:
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is the filtered strain-rate tensor and |S| = (2SijSij)1/2 is its
magnitude; � = (�x�y�z)1/3 is the filter width. The coeffi-
cient C is evaluated using the dynamic procedure [Germano
et al., 1991; Lilly, 1992] and averaged over directions of
statistical homogeneity (in this case, planes parallel to the
SWI).

[17] The oxygen concentration field is modeled as a high-
Schmidt-number passive scalar where the Schmidt number,
Sc = �/D, is the ratio between the kinematic viscosity
of water and the molecular diffusivity of DO. The same
SGS closure for the velocity field is used for the model-
ing of the unresolved turbulent scales of the DO field. The
corresponding filtered conservation equation is
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The scalar is absorbed across the SWI by an organic sed-
iment layer. The instantaneous DO field is transported by
diffusion, advection, and dispersion but also depleted exclu-
sively by decomposing organic matter according to
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The effects of porosity and tortuosity on diffusion in the pore
water are accounted for in F(') (which can be approximated
by '3 for high porosities, ' > 0.7), whereas dispersion
effects are modeled by an effective diffusivity, De, calcu-
lated based on the parametrization proposed by Higashino
and Stefan [2011] and, later on, extended to instantaneous
quantities by Scalo et al. [2012a], resulting in

De = '2ds
�
usjusj

�1/2 (7)

where ds is the sediment grain size, proportional to the
square root of permeability via the Kozeny-Carmen rela-
tionship [Bear, 1972], and usi is the ith component of the
interstitial velocity vector given by Darcy’s Law

usi = –
K
�v
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where �v is the dynamic viscosity of water and ps is the
pore-water pressure that satisfies a Laplace equation in the
sediment layer. The parametrization for the nonlinear sink
term, Pcs, is

Pcs = �
cs

KO2 + cs
(9)
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Table 1. Bio-geochemical Parameters for Oxygen Absorption Model and Transport, in the Sediment Layera

� �0 � Yc KO2
' K

240 mg L–1 d–1 2.4 d–1 100 mg L–1 1 mg� mg–1
DO 0.6112 mg L–1 0.94 2� 10–7 cm2

aMaximum oxidation rate, �; maximum specific DO utilization rate, �0; biomass concentration of oxygen absorbing
organisms, �; effective yield for the microbial utilization of DO, Yc; half-saturation coefficient for DO utilization, KO2

;
sediment layer porosity, ', and intrinsic permeability, K.

where � is the maximum oxidation rate that can be
expressed as [Higashino et al., 2008; Higashino and Stefan,
2011],

� =
�0

Yc
� (10)

where �0 is maximum specific DO utilization rate (in d–1),
KO2 is the half-saturation coefficient for DO utilization
(in mg L–1), Yc is the effective yield for the microbial uti-
lization of DO, and � (in mg L–1) is the value of biomass
concentration of oxygen absorbing organisms, currently not
directly measurable (Table 1). We assume a constant and
uniform value of � in the sediment layer. While the overall
SOU is approximately proportional to this quantity, the oxy-
gen concentration at the SWI exhibits a reduced sensitivity
to �, varying less than 10 % for changes of 100 % in the
bacterial population [Scalo et al., 2012a].

[18] The model has been validated by reproducing fluid
dynamic conditions for different flow rates and temperatures
in a laboratory flume where complete (water and sediment)
DO measurements were obtained from microsensor data
by O’Connor and Hondzo [2008]. The model relies on a
new numerical strategy for the coupling of the discretized
governing equations across the SWI, which allowed its
extension to LES. Details regarding its implementation and
validation can be found in Scalo et al. [2012a].

2.2. Computational Setup
[19] The computational setup used for the LES calcula-

tion is a turbulent open channel driven by two components
of the pressure gradient (along x and z) with an underlying
DO absorbing organic sediment bed (Figure 1). The bound-
ary conditions are periodic in the west-to-east (x) and
south-to-north (–z) directions for all quantities. Homoge-
neous Neumann conditions are applied to the DO field at
the bottom of the sediment layer (y = –ıs) and at the top
boundary (y = Ly) on the water side; the instantaneous DO
flux at the SWI is calculated by solving, at every time step,
equation (6) in the sediment layer with the coupling strat-
egy developed by Scalo et al. [2012a]. Free-slip conditions
are applied to the velocity field at the top boundary, whereas
velocites assigned at the SWI match the ones calculated by
the pore-water-flow solver (equation (8)) in the sediment
layer (which are negligible, for this case, with respect to
the friction velocity). The flow is initialized at time t = 0
with an instantaneous velocity and scalar field obtained
from a statistically steady simulation, and the seiche forcing
is reproduced by dynamically adjusting the mean pressure
gradient to match the measured current intensity in the
south-to-north and west-to-east directions. After time t = 0,
the initial concentration field is left to decay, with no top-
boundary re-aeration and with an instantaneous absorption
rate modulated by the transient flow. The simulation covers

Figure 1. Sketch of a three-dimensional doubly-periodic
open channel with an oxygen absorbing sediment layer.
Domain size is Lx = 300 cm, Ly = 52 cm, Lz = 150 cm, and
sediment layer thickness ıs = 1 cm.

11 h of physical time, during which the bulk oxygen con-
centration decays by 3%. See sections 3.1 and 3.2.1 for a
detailed discussion on the derivation of the initial condi-
tions for the LES and the simulation of the seiche-induced
hydrodynamic forcing.

[20] The vertical extent of the resolved water column Ly
has been chosen so that Re� ,0 = u� ,0Ly/� = 400 (where
u� ,0 is the total friction velocity at t = 0). This results
in Ly = 52 cm. Simulating a shorter water column would
have the effect of excessively reducing the size of the outer
layer scales, introducing low Reynolds numbers effects. A
taller domain would increase the size of largest resolved
eddies (in the outer layer), increasing the overall computa-
tional cost (more grid points would be needed in y). This
would not significantly benefit the present calculation, given
the mild influence of the outer layer on the near-wall tur-
bulence, which for Re� ,0 > 400 starts to exhibit Reynolds
number invariance [Moser et al., 1999]. The near-wall struc-
tures, if normalized by u� ,0 and � (given quantities in our
problem), exhibit universal characteristics that are (approx-
imately) unchanged by the Reynolds number (or, in this
case, by the choice of Ly). Moreover, the near-wall transport
events are the only ones that need to be reproduced accu-
rately to predict the DO flux across the SWI [Scalo et al.,
2012b]. The extension of the computational domain in the
other two directions, Lx and Lz, is chosen to accommodate
the largest scales and the near-wall structures.

[21] The numerical model used to compute the flow
on the water side is a well-validated finite-difference
code [Keating et al., 2004], based on a three-dimensional
Cartesian staggered grid. Second-order central differences
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are used for both convective and diffusive terms. The
time advancement scheme is Crank-Nicholson for the wall-
normal diffusive term, and low-storage three-step second-
order Runge-Kutta for the other terms. The solution of the
Poisson equation is obtained by Fourier transform of the
equation in the spanwise and streamwise directions, fol-
lowed by a direct solution of the resulting tridiagonal matrix,
at each wave number. The code is parallelized using the MPI
protocol. The equations in the sediment layer are solved with
the same numerical approach as the one adopted for water
side and have the same accuracy and stability properties.

[22] The grid resolution at t = 0 is �x+ = 18 and �z+ =
11 where ()+ indicates lengths normalized by �/u� . A high
resolution is required to account for the large excursion in
the wall-shear stress (resulting in a highly variable turbulent
state, and the presence of turbulence decay and re-transition)
and to resolve accurately the high-Schmidt-number passive
scalar field. This results in a grid size of approximately
�x = 2.3 cm and �z = 0.8 cm. The minumum grid spac-
ing in the wall-normal direction is �y = 0.01 cm at the SWI
(to resolve the diffusive sublayer). The Navier-Stokes solver
time step varied in the range of 0.01–0.1 s.

2.3. An Algebraic Parametrization for the
Sediment-Oxygen Uptake

[23] In our LES-based numerical model, the DO flux to
the sediment layer is an output of the computation. Con-
versely, in RANSE models used at field scale, the SOU
is typically an input parameter (a boundary condition) and
very little information on the state of the near-wall turbu-
lence (or the bed properties) is available to model it accu-
rately. This may include a Reynolds stress, dissipation or
eddy viscosity computed as an average over a time step and
grid cell of the order of minutes and kilometers, respectively.
Spatial resolution is also an issue. The vertical extent of
the first computational cell from the SWI used in field-scale
numerical models is typically comparable to (if not larger
than) the entire height of the computational domain used
here (Ly = 52 cm). The resolution required to accurately
resolve the high-Schmidt-number transport mechanisms in
such a limited domain (Table 2) makes a wall-resolved LES
an unfeasible option for field-scale applications. The devel-
opment of a process-oriented algebraic model to estimate the
SOU for eventual inclusion into a RANSE (or wall-modeled
LES) geophysical code is therefore warranted. The funda-
mentals of the new proposed SOU model are discussed in
the following.

[24] The model focuses on the prediction of the water-
side diffusion-limited component of the oxygen flux across
the interface relying only on the few near-wall volume-
averaged quantities that are available at run-time in geo-
physical codes and minimal biogeochemical information of
the sediment layer (very difficult to measure). These include
the bulk velocities in the plane parallel to the bed, UB and

WB, temperature TB and oxygen concentration C1, and the
maximum oxidation rate �.

[25] Based on parameterizations available in the litera-
ture for high-Schmidt-number mass transfer [Boudreau and
Jørgensen, 2001] , mostly valid under equilibrium condi-
tions, the diffusive component of the DO flux across the
SWI can be expressed as

SOU = ˇ �C (11)

where ˇ is a (dimensional) mass transfer coefficient and
�C is the oxygen concentration defect (driving chemical
potential for the flux) at the SWI

�C = C1 – Cswi (12)

where Cswi is the mean oxygen concentration at the SWI.
The normalization for the DO implied by equation (11) is
consistent with the linearity of the transport equation for
the scalar field on the water side. Both the terms on the
right-hand side of equation (11) need to be modeled with
parameters dynamically resolved in the simulation and with
some sediment-specific information.

[26] Scalo et al. [2012b] have verified that for steady
hydrodynamic conditions and flat cohesive sediment layers,
the dependency of the SOU (equation (11)) on the sedi-
ment characteristics (in particular, the maximum oxidation
rate �) can be removed if normalizing it with the con-
centration difference �C. This result can be extended to a
more general case where the DO field exhibits a two-layer
structure about the SWI, which is typically observed in the
case of oxygen transport. The quantity SOU/�C is the mass
transfer coefficient ˇ, which is modeled solely based on the
hydrodynamics. This suggests that �C is the only term in
equation (11) that is directly affected by the bio-geochemical
properties of the sediment layer.

[27] This can be interpreted from a mathematical per-
spective. Due to the passive nature of the transported scalar
on the water side, the same turbulent flow with different
underlying sediment layers, for example, one with low and
one with high oxidations rates (low and high values of
�C, respectively), will exhibit identical instantaneous mix-
ing dynamics determined uniquely by the velocity field.
In the highly absorbing case, the same mixing events lead
to a higher flux simply due to the presence of a stronger
background concentration gradient (higher �C). From a
mathematical standpoint, changing the oxidation rate or the
sediment effective diffusivity (for example, by changing the
porosity and/or permeability) will only affect the bound-
ary conditions (via �C) of the corresponding Reynolds-
averaged scalar transport equations (Figure 2). Given their
linearity and homogeneity in the scalar concentration field,
their solutions collapse into one if scaled by Cswi and nor-
malized by �C. As long as the sediment characteristics do

Table 2. LES Parametersa

Lx (cm) Lz (cm) Ly (cm) ıs (cm) Nx Ny Nz Ny,s � (cm2/s) D (cm2/s)

300 150 52 1 128 256 192 48 1.39 �10–2 1.36 �10–5

aWater side computational box extension in the west-to-east, Lx, south-to-north, Lz, and vertical, Ly, directions.
Thickness of sediment layer, ıs. Grid points in the respective directions Nx, Nz, Ny, and Ny,s. Kinematic viscosity of water �
and molecular diffusivity of oxygen, D.
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Figure 2. Effects of sediment porosity, ', and disper-
sivity (controlled by permeability K) on oxygen profiles:
(1) Purely diffusive sediment layer with low porosity ( ),
(2) porosity approaching 1, no dispersive effects ( ),
(3) dispersive-dominated transport ( ). The gradi-
ent discontinuities are highlighted with the finely dotted
lines. The effects on �C are exaggerated for visualization
purposes.

not affect significantly the structure of the overlying turbu-
lent velocity field, the flux at the SWI is proportional to
�C and ˇ is only dictated by the hydrodynamics (as com-
monly done in practice [Boudreau and Jørgensen, 2001]).
In conclusion, equation (11) is consistent with the classic
interpretation of ˇ as a measure of the efficiency of the near-
wall turbulent mixing working against a given background
concentration difference �C.

[28] At this stage, closures for ˇ and �C need to be
derived. The mass transfer coefficient can be expressed as
a function of the Schmidt number, Sc, and the total friction
velocity, u� , according to

ˇ = u� A Sc–n (13)

where A and n are fitting coefficients retrievable from pub-
lished works, for example, Shaw and Hanratty [1977]. The
Schmidt number can be calculated from the near-wall aver-
age water temperature, TB [Li and Gregory, 1974], while
the friction velocity can be calculated either from the bulk
or free stream velocities, via the bottom-drag coefficient
[Wuest and Lorke, 2003] or by using a log-law fit of the
mean velocity profile. These strategies for predicting the
wall-shear stress are tested in section 3.2.1 for the flow under
investigation.

[29] Although ˇ depends solely on the hydrodynamics,
the concentration difference �C is still dependent on all the
governing parameters and is indicative of the oxygen con-
tent of the sediment layer. In equilibrium conditions, �C is
determined by a balance between the rate of absorption in
the sediment layer and the DO transfer rate from the water
side. It is shown that high-Schmidt-number mass transfer
mechanisms are intimately connected to viscous sublayer
turbulent velocity fluctuations [Pinczewski and Sideman,
1974; Scalo et al., 2012b] and that the latter scale in vis-
cous units (based on � and u� ) fairly accurately [Moser
et al., 1999]. These considerations lead to the following

expression for the normalized concentration difference at
the SWI:

�C/C1 = f
�
�+, Sc,', K+� (14)

where
�+ =

��

C1 u2
�

(15)

is the ratio between the characteristic near-wall (viscous)
time scale t� = �/u2

� and the oxidation time scale t� =
C1/�, and K+ is the intrinsic permeability normalized with
the viscous length scale, ıv = �/u� . In the following,
the SOU predictions extracted from the present simulation
and previously published lab-scale LES are used to derive
an explicit functional form for equation (14). The SOU
modeled by equation (11) represents the actual DO flux
across the SWI and not the potential sediment-oxygen
demand (PSOD), which is exclusively a function of the bio-
chemistry of the sediment layer (see Introduction of Bryant
et al. [2010]), that would be attained with no limitation on
the oxygen supply from the water side.

3. Results and Discussion
3.1. Initial Conditions for LES

[30] In LES of unsteady and transitional flows, like the
one analyzed in this work, predictions are highly dependent
on the turbulent field used as an initial condition. By starting
the simulations from a previously developed fully turbulent
and statistically steady flow, we ensure that the simulated
flow, in the time range of interest (between t = 0 and
t = 11 h), is always physical. The resulting fluid dynamic
conditions at t = 0 are, therefore, of equilibrium turbulence
and might not exactly correspond to the actual flow con-
ditions in the field at that time. Real-world flows include
a wide range of complexities, knowing that the true initial
conditions and boundary conditions to the accuracy required
by eddy resolving methods such as LES is very difficult and,
for the purpose of this work, not necessary.

[31] A statistically steady turbulent velocity field
(Figure 3a) is, therefore, first obtained by running the
numerical model until statistical convergence is reached.
The fluid dynamic conditions of this field correspond to
those observed at 10 pm in Bryant et al. [2010]. We set this
as t = 0 in the present calculation. The mean velocity field
was reconstructed by applying the log-law to the west-to-
east and south-to-north velocity components measured at
y = 10 cm (Figure 4a). The flow rates in the corresponding
directions were estimated via analytical integration of these
velocity profiles and were then imposed by adjusting the
orientation and magnitude of the mean pressure gradient.
The resulting total friction velocity at time t = 0 is written
as u� ,0 =

�
�w,0/�

�1/2, where �w,0 =
�
�2

w,0x + �2
w,0z
�1/2 is the

magnitude of the total wall-shear stress. At this time, �w,0z
is negligible with respect to �w,0x, but this is not the case for
the rest of the seiche cycle (Figure 4b).

[32] The turbulent DO distribution used as an initial con-
dition (Figure 3b) is obtained from the same statistically
steady simulation used to initialize the velocity field; � and
K have been adjusted to match the DO measurements at
10 pm; a Schmidt number of Sc = 1024, consistent with
water temperatures of T = 8 Cı, and a porosity of ' = 0.94
(as suggested in Bryant et al. [2010]) have been used. A
free stream DO concentration of C1 = 3.84 mg L–1, taken
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Figure 3. Profiles of mean ( ) and resolved RMS
( ) of (a) west-to-east velocity component and of
(b) DO at time t = 0. Corresponding oxygen measurements
obtained via microprofiling by Bryant et al. [2010] (ı) at
10 pm.

from the maximum value observed in the microsensor data,
is used at t = 0. For these parameters, � = 100 mg L–1

returned the best match inside the sediment layer at the ini-
tial time t = 0 under steady-state fluid dynamic conditions.
The gradient discontinuity across the SWI in measured oxy-
gen profiles is not visible at every phase of the cycle due
to the high porosity (approximately 1; see Table 1). It is,
however, mostly consistent with an overall diffusivity that
is slightly higher in the pore water than on the water side
(see Figure 5 of Bryant et al. [2010] and Figure 3b). This can
only be explained assuming a dispersive behavior of the sed-
iment layer [Scalo et al., 2012a] (Figure 2). Finally, a value
of K = 2 � 10–7 cm2 was determined from the calibration
and, despite being very low, is retained in the calculation.

[33] For the flow conditions at t =0 (Figure 3), the peak in
the streamwise RMS of velocity occurs y = 1.8 cm above the
SWI, where buffer-layer turbulent transport events occur.
These are responsible for governing the high-Schmidt-
number mass transfer across the SWI and sustaining the
scalar variance profile (peaking at y = 1.5 mm, approx-
imately the edge of the diffusive sublayer). At this time,
the gradient of the oxygen distribution appears to be con-
tinuous across the SWI; in reality, the enhanced diffusivity
due to dispersion effects tends to increase the mixing in the
pore water and reduce the overall DO gradient. This effect
is partially compensated by the slightly reduced molecular
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Figure 4. Time series of mean current velocity at 10 cm
from (a) the SWI and (b) corresponding friction veloc-
ities, west-to-east hui ( ) and south-to-north –hwi
( ) components predicted by LES and measurements by
Bryant et al. [2010] (ı) via acoustic Doppler velocimeter
(ADV).

diffusion in sediment layer. The diffusive sublayer pre-
dicted by the calibrated LES is slightly thicker than the one
observed in the measurements. A better agreement with the
oxygen measurements on the water side could be obtained
by decreasing �, increasing the Reynolds number or increas-
ing K. In the first case, the oxygen levels in the sediment
layer would be significantly overestimated, given the rela-
tively reduced sensitivity of the oxygen distribution on the
water side to variations in � [Scalo et al., 2012a]. Increas-
ing the Reynolds number would improve the agreement for
0 < y < 1 mm by reducing the diffusive sublayer thick-
ness. This would, however, require the adoption of physical
parameters (water temperature, viscosity, current velocity,
etc.) not consistent with the flow conditions in Bryant et al.
[2010] and, therefore, not justifiable. The same effect on the
water side can be obtained by increasing the sediment layer
permeability. This would increase the effective diffusivity
and, therefore, increase the DO flux (Figure 2). While this
would improve the agreement on the water side, large dis-
crepancies would appear in the pore water DO distribution.
Moreover, the measured mean oxygen distribution does not
suggest the presence of significant dispersion. Its effect on
the DO dynamics can, therefore, be regarded as marginal
with respect to the seiche forcing.
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Figure 5. (a) Comparison of different methods to evaluate the total friction velocity u� : direct calcu-
lation from LES (�), log-law fit of mean velocity magnitude profile ( ), bulk velocity bottom-drag
coefficient of CB = 0.0036 (17) ( ), law-of-the-wall equation (16) applied to total dissipation calcu-
lated from the LES at y =10 cm ( ), and estimates by Bryant et al. [2010] by applying law-of-the-wall
to dissipation measurements (shown in the panel below) (ı). (b) Turbulent kinetic energy viscous dis-
sipation at y = 10 cm: total ( ), resolved ( ), and SGS ( ) dissipation from LES (the SGS
component of the dissipation is not directly resolved but modeled via equation (3); the total dissipation
is the sum of the resolved and SGS component), measurements by Bryant et al. [2010] (ı) obtained by
inertial dissipation method using longitudinal, planar, and vertical velocity data as measured via acoustic
Doppler velocimeter (ADV).

[34] An interesting feature of the measured oxygen pro-
files, also observed in lab-scale measurements [O’Connor
and Hondzo, 2008], is the gradient discontinuity visible, on
the water side, at y ' 1 mm. This is present in many of the
measured profiles (shown later). This discontinuity could
be explained by an abrupt variation of the eddy diffusivity
(from zero, for y < 1 mm, to a finite value, for y > 1 mm),
which cannot be found in fully developed flows. One pos-
sibility is that the turbulent concentration boundary layer
is at its early stages of spatial development, and the sharp
variation in the mean gradient is actually determined by
the upwardly propagating front of concentration defect. An
accurate knowledge of the local spatial distribution of the
bacterial population at the SWI and in the sediment layer,
very difficult to achieve at field scale, would be required to
improve the quality of the predictions.

3.2. Seiche Dynamics
3.2.1. Wall-Shear Stress and Dissipation

[35] The flow rates imposed at time t = 0 along x and z
(calculated assuming the validity of the log-law) are varied
for t > 0 proportionally to the measured velocities at y = 10
cm by adjusting dynamically the pressure gradient terms f1
and f3 in equation (2). In spite of the approximations made,
the predicted wall-shear stress components in the west-
to-east and south-to-north directions follow very closely
the measured current velocities at y = 10 cm (Figure 4).
This suggests that the equilibrium assumption (made on the
velocity field when deriving the initial conditions for the
LES) can be extended with good approximation to most of
the cycle. This has also been confirmed by Bryant et al.
[2010] except near flow reversal where current velocities at
y = 10 cm fall below 1 cm s–1.

[36] The corresponding total friction velocity estimated
by Bryant et al. [2010] (Figure 5a), however, does not
follow the variations in the measured current velocity at
y = 10 cm to the same extent the LES does. It was estimated
by applying the law-of-the-wall

u� = 3
p
	(y) k y (16)

(valid close to the wall and/or in high-speed flows) where
	 is the turbulent viscous dissipation and k is the Von
Kármán constant (k = 0.41), to dissipation measurements at
y = 10 cm (Figure 5b) extracted with the inertial dissipa-
tion method. Despite the good agreement with the LES on
the mean current (Figure 4a), the predicted dissipation levels
are systematically higher than the measured ones. However,
the dissipation calculated at y =10 cm from the LES is con-
sistent, via the law-of-the-wall equation (16), with the total
wall-shear stress (Figure 5a), which is calculated indepen-
dently. A log-law fit of the velocity profiles has also been
successfully used to estimate the wall-shear stress, therefore,
showing the self-consistency of the simulation. An optimal
value of the bottom-drag coefficient CB, defined as

u� =
p

CB

q
U2

B + W2
B. (17)

was found to be CB = 0.0036 for the present case. The great-
est discrepancies are visible after re-transition when using
the law-of-the-wall and the bottom-drag coefficient.

[37] The successful adoption of the aforementioned low-
order models for the wall-shear stress is consistent with the
absence of nonequilibrium effects in the momentum trans-
port. These typically occur in low-speed (or intermittently
turbulent) oscillating currents [Hino et al., 1983; Spalart
and Baldwin, 1987; Jensen et al., 1989; Costamagna et al.,
2003] in the form of violent production of turbulent kinetic
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energy at the end of the deceleration phase, break down of
the validity of the log-law during the acceleration phase and
visible phase lags between dissipation and the mean com-
ponent of current associated with the base frequency of the
seiche-induced velocity (imbalance between dissipation and
production). The numerical results show some of aforemen-
tioned events only in very limited portions of the cycle, as
discussed later.

[38] Nonequilibrium effects in geophysical flows have
been discussed in Lorke et al. [2002] and Lorke et al.
[2003], who looked at low-speed oscillating currents in Lake
Alpnach. Relatively low current intensities determine longer
propagation times throughout the water column of turbu-
lence periodically generated in the near-wall region. This
results, for example, in the current intensity leading turbu-
lent dissipation, as observed by Lorke et al. [2003] at y = 1
m, with a phase lag of 1–2 h. This is a low-Reynolds number
effect and is not present in the flow analyzed here. Also, they
observe, at y = 1 m from the bottom, current amplitudes and
dissipation values of the same order as the ones observed by
Bryant et al. [2010] at y = 10 cm. This implies that the flow
analyzed here should be much more energetic than what is
suggested by the dissipation measurements (also implied by
the higher dissipation predicted by the LES). Partial turbu-
lent kinetic energy transfer to irreversible diapycnal mixing
(that could justify this apparent underestimation of the vis-
cous dissipation) has not likely occurred, given that the
temperature measurements in Bryant et al. [2010] show no
significant stratification at y = 10 cm.

[39] While the magnitude of the measured dissipation
may raise some questions [Lorke and Wüest, 2004], its trend
and overall (4-orders-of-magnitude) variation is consistent
with the variations in the independently measured DO field
and SOU (shown later). The numerical model does not pre-
dict a reduction in the overall turbulent activity of the same
intensity as shown by the measurements. This is a first-order
hydrodynamic effect, which is expected to be reproducible
even in the idealized conditions adopted in the present LES.
This is the main reason for the discrepancies between the
measured and simulated SOU and DO field predictions,
which are mostly concentrated near flow reversal. In the fol-
lowing, the interaction between the intensity of turbulent
mixing and the DO concentration dynamics are discussed
and this issue is further investigated.
3.2.2. Water Column Turbulent Transport

[40] Figure 6 shows the wide range of scales associated
with the transport events in the near-wall region. The energy
required for sustaining turbulent mixing and transport across
the water column is provided by the mean current, which
is initially directed eastward. The current decelerates almost
completely between t = 4 h and t = 6 h, and then re-
accelerates changing direction (heading south). Turbulence
production will therefore inject energy from the large scales
(mostly) into the u0 and w0 fluctuations, respectively, before
and after flow reversal, as shown by the distributions of
the turbulent kinetic energy production and Reynolds shear
stresses (Figures 6a–6c) and the resulting turbulent intensity
levels (Figures 6d–6f).

[41] The gradual compression of the viscous sublayer due
to the initial acceleration (towards east) for 0 < t < 2 h is vis-
ible in the hu0v0iReynolds shear stress distribution and in the
RMS of velocity fluctuations, both reaching the maximum

Figure 6. Contour plots showing time history (from
top to bottom) of production of turbulent kinetic energy,
Pk = –2hu0iu0ji@huii/@xj, Reynolds shear stresses –hu0v0i
and –hw0v0i, RMS of u0, v0, w0, production of scalar vari-
ance Pc = –2hc0u0ji@hci/@xj, RMS of c0, turbulent mass
flux –hc0v0i, and mean oxygen concentration hci. Iso-
lines of oxygen concentration in the bottom panel are for
1, 2, and 3 mg L–1. Statistical steady state flow used for
initial condition (t < 0) and seiche-driven unsteady flow
(t > 0).

intensity closest to the SWI between t = 1.5 h and t = 2 h. At
this time, the signature of the (milder) acceleration towards
north (Figure 4a) is also visible in the hw0v0i Reynolds
stress distribution and RMS of w0. The overall enhanced
Reynolds shear stresses increase the rate of exchange of
momentum with the no-slip boundary and the turbulent mix-
ing. The turbulent mass transfer rate in the water column,
hc0v0i (Figure 6i) increases accordingly due to the enhanced
v0 (Figure 6e) rather than the c0 (Figures 6g and 6h). This
causes fluid rich in oxygen to be pumped towards the SWI
resulting in the compression of the diffusive sublayer, vis-
ible in the oxygen concentration contours (Figure 6j) and
RMS of concentration fluctuations c0 (Figures 6h), both
following closely the initial gentle flow acceleration.

[42] At this stage, there is no visible phase lag between
the seiche-induced forcing, the enhanced turbulent activity
across the water depth, and the evolution of the diffusive
sublayer. The turbulent and molecular momentum and mass
fluxes are, with good approximation, in equilibrium with
the main current. During the following deceleration stage
(2 h < t < 6 h), the effects of turbulent transport have
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almost completely vanished by t = 3 h, remaining negli-
gible until t = 6 h. During the whole period of reduced
turbulent activity, the diffusive sublayer exhibits a slow but
steady expansion, starting between t = 2 h and t = 3 h,
limited by the long diffusive time scales of DO. This is con-
sistent with the conceptual model for the near-wall transport
described in Scalo et al. [2012b] where the same behavior
is observed in the small-scale turbulent transport events in a
fully developed turbulent flow.

[43] The re-acceleration phase for t > 6 h is less regu-
lar. Most of the energy for mixing is provided by the main
current directed south (Figures 6b, 6c, and 6f); accordingly,
the near-wall turbulent structures responsible for mixing are
re-oriented along z, feeding energy into the RMS of w0.
The flow does not exhibit the same degree of equilibrium
observed before, which results in pronounced phase lags
among the different transport processes involved.

[44] Two abrupt turbulent production events, leading to a
rapid enhancement of the mixing in the water column, are
predicted around t = 6.9 h and t = 8.1 h (Figures 6c, 6g,
and 6i) are not related to the background 8 h period seiche
but to a 2 h period mode with current amplitude of approx-
imately 0.3 cm s–1, visible after flow reversal (Figure 4a),
from t = 6 h to t = 9 h. This is consistent with a longitudinal
mode 3 surface seiche [Boegman, 2009].

[45] Abrupt turbulent production events are triggered
towards the end of the rapid flow acceleration phases, from
t = 6 h to t = 6.9 h and from t = 7.5 h to t = 8.1 h, primarily
directed south (Figure 4a). The wall-shear stress exhibits no
visible delay with respect to the current evolution suggest-
ing that the energy for mixing, in this case, may be provided
by the same mechanisms observed in rapidly oscillating,
low-speed turbulent boundary layers (in the intermittent/
nonequilibrium regime). During the acceleration phase, the
viscous sublayer is compressed (directly enhancing the
wall-shear stress) and turbulent production is frozen. Near-
wall locations of below- and above-average instantaneous
velocity—low-speed and high-speed streaks—then appear.
These streaks undergo instability, which results in produc-
tion and upward propagation of turbulent fluctuations at the
beginning of the following deceleration phase [Jimenez and
Pinelli, 1999; Costamagna et al., 2003]. This is consistent
with the violent ejection of scalar variance from the edge
of the diffusive sublayer (Figures 6g and 6h) and intensity
(Figure 6h) distributions, leading to a sudden increase in
the water-column mass flux. During the initial acceleration
stage (0 < t < 2 h), the enhancement of mixing in the water
column is, rather, connected to the increase of RMS of v0
and occurring under quasi-equilibrium conditions.

[46] The resulting enhanced turbulent mass flux causes
a rapid thinning of the diffusive sublayer and, therefore,
the enhancement of the DO transfer across the SWI. This
occurs with a delay of � 20 min (shown later), correspond-
ing to a phase lag of 
 � 60ı in a 2 h period oscillation.
The flow reverts, after t = 8.5 h, to a state very similar
to the initial conditions, with fully sustained, quasi-steady,
turbulent mixing and mass transfer across the SWI.
3.2.3. A Low-Order Model for the SOU

[47] The signature of the transitional hydrodynamics is
visible in the instantaneous DO distribution across the SWI
or, equivalently, in the corresponding SOU time series, both
analyzed in the following.

[48] The effects of the flow acceleration (from t = 0 to
t = 2 h) are visible in the thinning of the diffusive sub-
layer. In this phase, the LES follows closely the observations
(Figure 7a). During the initial stage of the deceleration phase
(2 h < t < 4 h) the diffusive sublayer thickness predicted by
the numerical model increases faster than the observations
(Figures 7b–7d), following closely the reduced intensity of
the overlying turbulent transport (Figure 6). Agreement is
recovered at t = 4.8 h where the observed and predicted
DO flux across the SWI match. Here the DO profiles begin
to lose a well-defined turbulent structure, tending towards a
laminar-like (linear) distribution in the water column. While
the observed diffusive sublayer starts to expand later than in
the LES predictions, it does so more rapidly until t = 6 h,
right before flow reversal (Figures 7d and 7e). A higher
value of the DO flux across the SWI is predicted by the LES.
The low molecular diffusivity of DO becomes an impor-
tant limiting factor for the rate of expansion of the diffusive
sublayer in the absence of turbulent forcing. Complete re-
transition is evident from the DO profiles for t > 6 h when
the current is re-accelerating towards south (Figures 4b
and 6c), and good agreement with the field measurements
is recovered.

[49] The proposed SOU model (equation (11)) concep-
tually separates purely hydrodynamic effects (ˇ) from bio-
geochemically limited quantities (�C). While the former
can be successfully modeled with equilibrium assumptions,
it is still not clear whether the same approach for �C can
lead to acceptable errors in field-scale applications. The
available numerical and field data are used in the following
to address this issue and, in particular, to determine the
functional relationship (equation (14)).

[50] Figure 8 shows LES data from the present transient
simulation, the statistically steady lab-scale open-channel
simulations by Scalo et al. [2012b], and DO data extracted
from field measurements in central Lake Erie (Bouffard,
personal communication, 2013). The latter has been
obtained by solving the unsteady 1D RANSE equations in
the water column coupled with the DO absorption model by
Higashino et al. [2008] with free-stream conditions match-
ing the observations. Overall, the data cover a wide range
(over 4 orders of magnitude) of �+. The numerical bounds
for f in equation (14) are f (�+ ! 0) = 0 and f (�+!+1)=1
for every Sc, ', and K. Moreover, the trend of the data in the
semi-log plot suggests an asymptotic behavior for f in the
two extreme cases. This leads to the approximate functional
form

�C/C1 =
1
2
�
tanh

�
˛1
�
log10(�+) + ˛2

	�
+ 1
	

(18)

where ˛1 and ˛2 are dimensionless fitting coefficients depen-
dent from Sc, ', and K. This heuristic assumption is also
supported by the observed asymptotic tendency of Cswi
toward C1 for increasing wall-shear stress in laboratory and
numerical experiments [Higashino et al., 2008; Scalo et al.,
2012b], for fixed sediment layer parameters. In the case of
more complex sediment biochemistry, the maximum oxida-
tion rate in equation (15) could be replaced with the overall
effective DO absorption rate.

[51] The present data set is for one value of porosity
(' = 0.95), permeability (K = 2 � 10–7 cm2), Schmidt num-
ber (Sc � 1000), and oxidation rate (� = 240 mg L–1 d–1),
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Figure 7. Plane-averaged oxygen concentration profiles extracted at four different times (a–d) before
flow reversal (t < 6 h) and (e–h) after flow reversal (t > 6 h); oxygen measurements obtained via micro-
profiling by Bryant et al. [2010] (ı). Top panel: magnitude of mean velocity vector, V, at 10 cm from the
SWI.
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Figure 8. Normalized oxygen difference�C at the SWI as
a function of �+ (15): data from Scalo et al. [2012b] for Sc =
400, 690, and 1000, different current intensities UB = 2.5–
27 cm s–1 and bacterial populations, � = 100 – 700 mg L–1

(Þ) and corresponding fit for each Sc ( ), data from the
present LES in the acceleration stages 0 < t < 2 h and
6 h < t < 11 h (4), deceleration stages 2 h < t < 6 h (5) and
equilibrium conditions, t < 0 h (ı), and corresponding fit
(18) for ˛1 = 0.7 and ˛2 = 3.55 ( ), data from Lake Erie
(Bouffard, personal communication, 2013) (�) with 95 %
confidence interval shown with vertical error bars, proposed
overall fit (18) for ˛1 = 0.7 and ˛2 = 3.475 ( ). The
arrow shows the data trend for increasing Schmidt number,
porosity, and permeability.

in nonequilibrium (t > 0) and equilibrium (t < 0) con-
ditions for the mass transfer. The data from Scalo et al.
[2012b] cover three different Schmidt numbers (Sc = 400,
690, and 1000, respectively, for water temperatures of 25ıC,
15ıC, and 8ıC), two different oxidation rates (� = 240 and
1680 mg L–1 d–1), a wide range of current intensities (UB =
2.5 – 27 cm s–1), all for a lower porosity (' = 0.55), zero
permeability (K = 0) and in statistically steady conditions.
This explains why the latter data set exhibits a clearer trend,
in which Schmidt number effects may also be quantified; a
least square fit of equation (18) returns ˛1 = 0.71–0.70 and
˛2 = 3.2–3.4 for Sc = 400–1000.

[52] While the LES data shown here include low and high
porosity cases, the limited range of permeabilities inves-
tigated (between zero and K = 2 � 10–7 cm2) does not
allow for a robust parametrization of the effects of hyporheic
exchange in the proposed low-order model. However, it is
not clear if higher permeabilities are realistic for a sediment
layer saturated with organic matter [Scalo et al., 2012a].
Low bacterial populations � are expected to be correlated
with higher permeabilities as in the present case. The molec-
ular component of the DO flux modeled by equation (11)
is dominant in deep waters. However, a purely advec-
tive component of the flux across the SWI, for example,
induced by wave transport near the shoreline, can be linearly
superimposed (Brennen and Imberger, personal communi-
cation). A more robust hyporheic exchange parametriza-
tion, such as the one proposed by Grant et al. [2012]
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(sharing a similar functional form as equation (7)) could
be incorporated in the present model, although strong
assumptions regarding the resulting formulation of the
parameterized flux, especially at the interface, would have
to be made. For a detailed discussion on this issue, see
Thibodeaux [2011] and Thibodeaux et al. [2012].

[53] Analogous data from the present simulation are char-
acterized by a pronounced hysteresis caused by the transi-
tional flow. However, values of �C for t < 0 can still be
used to infer the fitting coefficients for the corresponding
equilibrium conditions, resulting in ˛1 = 0.7 and ˛2 = 3.55.
This parametrization splits the data in two parts: one rela-
tive to the acceleration stages, for 0 < t < 2 h and 6 h
< t < 11 h, where the inertia of the diffusive sublayer
retains higher �C than equilibrium conditions, and another
one to the deceleration stages, for 2 h < t < 6 h, where �C
is lower than equilibrium conditions. The fit leads to higher
equilibrium values for�C than the other data. This is due to
the relatively higher porosity and permeability of the present
case, as shown in Scalo et al. [2012a] and Higashino and
Stefan [2011] and previously discussed in Figure 2.

[54] For both data sets, the effects of �+ are dominant.
The Schmidt number dependency in equation (14) high-
lights its effects on the diffusive sublayer thickness (limiting
the mass transfer rate from the water side). As anticipated in
section 2.3, there are not many elements at this stage of the
model development to account explicitly for the dependency
on porosity and permeability. Their effects on�C can, how-
ever, still be predicted and understood. This motivates us
to further simplify the model considering only lower tem-
peratures (Sc � 1000), which are more representative of
conditions found in bottom layers of oceans and lakes, only
equilibrium conditions, and averaging between the low and
high porosity data. The final parameterization proposed for
�C results in values of ˛1 = 0.7 and ˛2 = 3.475. Although
we believe that the assumptions made so far lead to errors
within acceptable bounds, they are, for now, only heuristic
and require further empirical confirmation.

[55] Finally, the predictions of the proposed model are
compared against the sediment-oxygen uptake directly
calculated from the LES (Figure 9). The mass-transfer coef-
ficient (equation (13)) was calculated using the parametriza-
tion by Shaw and Hanratty [1977] (A = 0.0889 and
n = 0.704, the closest to the SOU predictions in Scalo
et al. [2012b]), together with the bottom-drag-coefficient
approximation of the total friction velocity (equation (17)).
Despite the simplicity of the adopted model, the overall
SOU variability predicted by the LES is correctly cap-
tured. The observable discrepancies are primarily due to
the equilibrium assumptions made in the formulation for ˇ
and �C.

[56] The main discrepancy with the measurements in
Bryant et al. [2010] lies in the amplitude of the excursion
of the SOU. As discussed in section 3.2.1, this is a natural
effect of the differences between the dissipation predicted by
LES and the corresponding measurements (Figure 5b). The
latter, however, are not entirely consistent with the measured
current velocity and the assumptions regarding the adoption
of the log-law for the velocity profiles.

[57] The LES predicts time lags between the SOU and
the turbulent forcing (or u� ). These are due to the long
time scales of the growth and compression of the diffusive
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Figure 9. Time series of vertical DO flux. SOU directly
computed from LES ( ), proposed parametrization (11)
based on equations (17), (18), and (13) for A = 0.0889
and n = 0.704 [Shaw and Hanratty, 1977] ( ), mea-
surements by Bryant et al. [2010] (ı), turbulent DO flux
– < c0v0 > at y = 1 cm from the SWI ( ).

sublayer and cannot be accounted for in the proposed
algebraic SOU model. For example, Figure 9 shows how
during the deceleration phase, from t = 2 h to t = 6 h, the
SOU model predicts a more rapid expansion of the diffu-
sive sublayer (more rapid drop in the DO flux) than the LES.
This is a direct consequence of the equilibrium assumptions
made in the algebraic model, where the state of turbulent
mixing is parameterized based on the wall-shear stress (see
equations (13) and (15)). The latter does not exhibit a signif-
icant delay with respect to the main forcing and neither will
the modeled SOU. The LES, on the other hand, resolves the
time evolution of the diffusive sublayer, capturing its iner-
tia with respect to the turbulent forcing (see also discussion
in Scalo et al. [2012a]), thus retaining a higher value of the
flux for a longer time despite the sudden drop in u� . Analo-
gously, the delay of � 20–30 min, in the SOU enhancement
predicted by the LES, following the mixing events in the
water-column at t = 6.9 h and t = 8.1 h, is not captured by
the SOU model.

[58] Equilibrium conditions for the scalar transport are
observed for the majority of the seiche cycle, in our case,
away from the SWI where the predicted turbulent mass flux
follows closely the Reynolds stresses and turbulent kinetic
energy distribution but with a remarkably higher variance
(Figure 6i). This is consistent with the intrinsically intermit-
tent nature of a passively advected scalar in a turbulent flow
[Warhaft, 2000], which is enhanced in the case of a high-
Schmidt-number contaminant [Antonia and Orlandi, 2003].
The same behavior has been observed by Brand et al. [2008]
in eddy-correlation measurements for a similar oscillating
flow in Lake Alpnach. The DO flux on the water side is
characterized by a broader range of temporal and spatial
scales and overall variance that can exceed the SOU itself
(Figure 9).
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[59] Although Bryant et al. [2010] have not observed any
delay between the near-wall turbulent activity and the SOU
response, Lorke et al. [2003] have shown a well defined time
lag between the Batchelor scale (extrapolated at the SWI
from dissipation measurements taken at y = 0.5 m) and the
estimated diffusive sublayer thickness. They observed an
abrupt reduction of the near-wall turbulent activity followed
by a gradual relaxation of the diffusive sublayer. Abrupt
increases in turbulent activity can precede by more than an
hour the corresponding enhancement of the SOU, depending
on the time scale and intensity of the driving current. The
same behavior has been observed in the present numerical
experiments (Figures 6 and 9).

4. Conclusions
[60] We have adopted a previously developed model

based on large-eddy simulation (LES) to investigate the gov-
erning transport mechanisms involved in DO transfer from
a turbulent flow to an organic sediment bed. An idealized
numerical experiment has been carried out with biogeo-
chemical and flow conditions inspired by the measurements
in Lake Alpnach of Bryant et al. [2010] capturing a full
seiche cycle. The prediction of turbulence decay and tran-
sition for the velocity field in LES is rather sensitive to
initial conditions, which cannot be determined to the level
of accuracy required by the model for the particular flow
under investigation. The LES could not be designed with the
intention to match exactly the field measurements and the
observed discrepancies were expected.

[61] The LES does not predict the pronounced decay of
turbulence during flow reversal observed in the field-scale
dissipation measurements. However, the statistics of the
synthetically reproduced near-wall turbulence and instanta-
neous DO field are quantitatively consistent with the seich-
ing current (primary input driving the hydrodynamics of the
model), which is not the case for the field measurements.
The high degree of uncertainty of the measured data in the
field has resulted in the latter being used, rather, as a refer-
ence to derive via LES a more controlled and self-consistent
data set for a geophysical transitional flow of this kind.

[62] In spite of the simplified computational setup, a
wide spectrum of coupled physical processes present in a
realistic geophysical environment have been reproduced.
These include seiche-driven mixing, turbulent decay, re-
transition, diffusion of DO across the SWI, and transport and
absorption in the pore water.

[63] The understanding of these mechanisms acquired
so far only through laboratory measurements has been
employed to assist field-scale modeling. The challenges
that (statistically) unsteady turbulence poses to modeling
have been discussed. For this particular flow, nonequilib-
rium effects were not observed in the momentum transport
but rather in the high-Schmidt-number mass transfer dynam-
ics. It has been shown that this resulted in a straightforward
prediction of the wall-shear stress with low-order models
such as the law of the wall, log-law fitting of the veloc-
ity profile, and the drag coefficient but in a more difficult
parametrization of the SOU.

[64] The artificially prescribed conditions made it pos-
sible to assess accurately the sensitivity and response of
the SOU to the aforementioned processes and provide

high-fidelity data for its low-order modeling. The data
from this study, together with previously obtained lab-scale
LES and results from other field measurements, have been
employed to develop a process-oriented algebraic model for
the SOU. The latter is parameterized as the product of a
mass transport coefficient ˇ, modeling the effects of turbu-
lent mixing, and the oxygen concentration defect at the SWI
�C, modeling the biogeochemical limiting component. �C
is parameterized assuming equilibrium between near-wall
turbulent transport and absorption in the sediment layer. The
only input parameters required are the sediment oxidation
rate, bulk temperature and DO concentration, and friction
velocity.

[65] Despite the assumptions made, the overall agreement
of the algebraic model for the SOU with the LES is remark-
able. The model should, however, also be tested in flows
such as the one investigated by Lorke et al. [2003] where
nonequilibrium effects are present at all stages of transport
(complete oxygen profiling at all phases was, unfortunately,
not provided by the authors). It is expected for flows of this
type that the model still predicts the correct value of the
mean flux over a seiche cycle.

[66] Limitations of the proposed SOU model include
the nonexplicit dependency of the flux from porosity and
permeability, which can affect both ˇ and �C. This can
be improved by considering more advanced hyporheic
exchange laws. Numerical and experimental investigations,
systematically covering a wide range of porosities, perme-
abilities, and different bed forms and roughnesses would
have to be carried out to provide accurate data to vali-
date them. This is computationally very challenging. The
proposed model applicability is limited to the case of a two-
layer exchange between water and flat cohesive sediments,
where the limiting factor for the mass transfer is a diffusive
sublayer at the interface. The model is not expected to per-
form well in cases where the advective component of the
flux across the SWI is dominant. However, for the case of
oxygen transfer and depletion, it is not clear whether sedi-
ment beds containing organic matter can reach sufficiently
high permeabilities for pore-water-flow induced transport
to be important. A first step would be to quantify the
dependency of the sediment layer porosity from the organic
content, as it is dominant over permeability effects.

[67] In conclusion, we believe that the conceptual frame-
work supporting the proposed parametrization is applicable
in the vast majority of scenarios where oxygen depletion is
occurring and can provide a first tentative definition of sim-
ple process-oriented models for the SOU, currently lacking
in water-quality management applications.
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