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[1] The estuarine boundary layer affected by a horizontal density gradient exhibits temporal
evolution over a tidal cycle, in a manner similar to the diurnal cycle of the ocean surface
mixed layer. A large eddy simulation (LES) model is developed to investigate the physics
controlling the growth of the boundary layer during the flood tide and restratification
during the ebb tide. Turbulent kinetic energy, momentum and salt fluxes, bottom stress,
and energy dissipation rates calculated from the LES model all show a strong flood‐ebb
asymmetry. Analysis of the turbulent kinetic energy (TKE) budget shows a primary balance
between shear production and dissipation in the well‐mixed boundary layer over the tidal
cycle. However, TKE transport term is found to be important across the edge of the boundary
layer during the flood tide so turbulent energy generated in the bottom boundary layer can be
transferred to the stratified pycnocline region. Tidal straining leads to a small and weakly
convective region inside the boundary layer during the flood tide but the strain‐induced
buoyancy flux does not make a significant contribution to the turbulence generation.
Additional LES runs are conducted by switching off the baroclinic pressure gradient term
in the momentum equation and the tidal straining term in the salinity equation to show
that the baroclinic pressure gradient is the main mechanism responsible for generating the
flood‐ebb mixing asymmetry.
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1. Introduction

[2] Much work has been devoted toward understanding the
temporal evolution of the surface mixed layer in the open
ocean. Over a diurnal cycle, daytime heating leads to
restratification in the mixed layer while nighttime convection
causes entrainment and deepening of the mixed layer. In
estuaries and shelf seas affected by a horizontal density gra-
dient, the bottom boundary layer exhibits temporal evolution
over a tidal cycle similar to the diurnal cycle of the surface
mixed layer: the boundary layer entrains and grows during the
flood phase but may restratify during the ebb phase. Under-
standing the physical mechanisms controlling the growth and
restratification of the estuarine boundary layer is the topic of
this paper.
[3] Recent observations have provided unprecedented

detail on the temporal and spatial variability of turbulent
mixing in estuaries and shelf seas. In particular, significant

asymmetry in turbulent mixing was found over a flood‐
ebb tidal cycle. Jay and Smith [1990a, 1990b] analyzed
data collected from the Columbia River estuary and found
enhanced shear and stratification during ebb tides but stron-
ger mixing and weaker stratification during flood tides. In the
weakly stratified flows found in regions of the continental
shelf influenced by lateral fresh water inputs, Simpson et al.
[1990] independently discovered the same phenomenon
and described the switching between the stratified and mixed
states over a single tidal cycle as strain‐induced periodic
stratification (SIPS). Geyer et al. [2000] estimated the eddy
viscosity in the Hudson River and found that flood values
exceeded ebb values by a factor of 2. Based on dissipation
measurements in the Liverpool Bay region of freshwater
influence, Rippeth et al. [2001] hypothesized that tidal
straining produces instabilities in the water column that
release additional energy for convective mixing toward the
end of the flood tide. Subsequently, Stacey and Ralston
[2005] proposed that the mixing asymmetry in the flow is
due to the strain‐induced buoyancy flux, which is stabilizing
on ebb tides but destabilizing on flood tides. However, in a
recent dye study, Chant et al. [2007] found that the growth
of the tidally driven bottom boundary layer in the Hudson
River is primarily driven by the bed stress while tidal straining
only plays a minor role in the entrainment process.
[4] Despite these recent advances in observations of

estuarine mixing processes, several key questions on the
flood‐ebb tidal asymmetry remain unanswered. What are the
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relative roles of baroclinic pressure gradient and tidal
straining in estuarine dynamics? Is the flood‐ebb mixing
asymmetry caused by the flood‐ebb asymmetry in the bed
stress or by the tidal straining of the density field? How does
the strain‐induced buoyancy production compare with shear
production and turbulent transport in the turbulence kinetic
energy budget?
[5] The large eddy simulation (LES) model has potential to

shed new light on the physics of estuarine mixing processes
and provide answers to those questions. LES is a numerical
technique that directly resolves the large, flux‐carrying tur-
bulent eddies, while modeling the small, more isotropic,
subgrid‐scale (SGS) eddies. Most of the success of LES in
geophysics has been in neutral or unstably stratified en-
vironments [e.g., Wyngaard, 1992, Mason, 1994], but the
stratified turbulence problem has been more of a challenge,
due to the small spatial scales of the turbulent eddies and the
extreme anisotropy of the outer scales of flow. Notwith-
standing these challenges, there has been progress in mod-
eling stratified flows with LES. Mason and Derbyshire
[1990] and Brown et al. [1994] applied LES to stably strati-
fied atmospheric boundary layers, while Sullivan et al. [1998]
and Otte and Wyngaard [2001] used LES to investigate
entrainment processes in the interfacial layer capping the
atmospheric boundary layer.
[6] In oceanography, LES has been used to study turbulent

mixing processes in the ocean‐surface mixed layer [e.g.,
McWilliams et al., 1997; Skyllingstad et al., 1999; Li et al.,
2005]. Skyllingstad and Wijesekera [2003] extended the
upper ocean LES model by using a shaved‐cell approach to
simulate flows over two‐dimensional obstacles, whereas
Denaro et al. [2007] developed a large‐eddy simulation
method based on the finite volume approach and evaluated it
for buoyancy‐driven turbulence in the absence of rotational
effects. Taylor and Sarkar [2007, 2008a, 2008b] performed
large eddy and direct simulations of a stratified bottom
Ekman layer, including the role of internal waves and pro-
posed modifications to the standard logarithmic law in the
near‐wall.
[7] In a pilot study, Li et al. [2008] adapted an upper‐ocean

LESmodel to investigate asymmetric tidal mixing affected by
the horizontal density gradient. They conducted several
model runs to simulate periodic restratification in weakly
stratified shelf regions and found that the depth‐integrated
buoyancy production is less than 5% of the integrated shear
production in all the runs in which the tidally averaged hor-
izontal Richardson number falls into a range 0.1 < Rix < 0.8.
They further demonstrated that Rix = H/(−L), where H is the
water depth and L is the Monin‐Obukhov length. According
to previous mixed‐layer studies by Li et al. [2005], the tran-
sition from the shear to convective turbulence occurs at Rix =
H/(−L) ≈ 4.5. For typical values of tidal currents and the
horizontal density gradient found in the weakly stratified
shelf regions, Rix is generally less than about 1. Therefore, it
seems unlikely that the flows will switch from shear‐ to
buoyancy‐driven turbulence over the ebb‐flood tidal cycle. Li
et al. [2008] also conducted a run with permanent stratifica-
tion. Since the LES model required a uniform grid size in all
three directions, it had difficulty in resolving the stratified
pycnocline, resulting in a subsurface jet that is more pointed
than the observed during the flood tide. Consequently, it
remains unclear how the baroclinic pressure gradient and tidal

straining contribute to turbulence mixing in stratified water
representative of a typical partially mixed/stratified estuary.
[8] In this work, we simulate the growth and restratification

of an estuarine boundary layer in stratified water. To conduct
such simulations, we have extended a finite‐volume engi-
neering LESmodel to oceanic applications. Themodel allows
variable grid sizes so higher resolution can be placed in the
stratified pycnocline. The governing differential equations
(conservation of mass and momentum and the scalar trans-
port) are discretized on a non‐staggered grid using a curvi-
linear finite‐volume code. The LESmodel has been validated
by Silva Lopes and Palma [2002] in isotropic turbulence, by
Silva Lopes et al. [2006] in an S‐shaped duct, and by
Radhakrishnan et al. [2006] for nonequilibrium flows. In
particular, Radhakrishnan and Piomelli [2008] have vali-
dated the model against the laboratory experiments of Jensen
et al. [1989] for oscillating boundary layers. In their numer-
ical experiments, Radhakrishnan and Piomelli [2008]
explored a number of subgrid scale and wall‐layer models.
With a finite‐volume grid design, this LES model has the
capability to resolve estuarine and coastal flows affected by
varying bathymetry and shoreline geometry.
[9] The studies in the Hudson River suggest that mixing in

the interior is controlled by entrainment between the bound-
ary layer and the pycnocline above [Chant et al., 2007], but
processes in this transition zone have not been adequately
characterized. By analyzing the turbulent kinetic energy
budget, we shall examine if turbulent transport term plays an
important role in supplying turbulent kinetic energy from the
bottom boundary layer to the entrainment zone, as suggested
by Simpson et al. [1996] and Stacey et al. [1999].Wewill also
examine the hypothesis of Stacey and Ralston [2005] that the
turbulence structure is inherently altered by the straining
mechanism. If convective processes significantly contribute
to the turbulence in this region, the overall efficiency of
conversion from kinetic to potential energy may be signifi-
cantly affected, with implications for the overall estuarine
dynamics as well as the dynamics of the stratified turbulence.
[10] The plan for the paper is as follows: in section 2 we

describe the finite‐volume LES model. Section 3 is devoted
to an analysis of turbulent statistics over a tidal cycle. In
section 4 we analyze the turbulent kinetic energy budget and
investigate the roles of baroclinic pressure term and tidal
straining term in the generation of tidal‐mixing asymmetry.
Concluding remarks are made in section 5.

2. Model Description

[11] In large‐eddy simulations, the velocity and scalar/
density fields are separated into a resolved (large scale) and a
subgrid (small‐scale) field, by a spatial filtering operation
[Leonard, 1974]. The conservation equations of mass,
momentum, temperature, and salinity for an estuarine LES
model are given by
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