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ABSTRACT

Standard turbulence closures for large-eddy simulations of atmospheric flow based on finite-difference or
finite-volume codes use eddy-viscosity models and hence ignore the contribution of the resolved subfilter-
scale stresses. These eddy-viscosity closures are unable to produce the expected logarithmic region near the
surface in neutral boundary layer flows. Here, explicit filtering and reconstruction are used to improve the
representation of the resolvable subfilter-scale (RSFS) stresses, and a dynamic eddy-viscosity model is used
for the subgrid-scale (SGS) stresses. Combining reconstruction and eddy-viscosity models yields a sophis-
ticated (and higher order) version of the well-known mixed model of Bardina et al.; the explicit filtering and
reconstruction procedures clearly delineate the contribution of the RSFS and SGS motions. A near-wall
stress model is implemented to supplement the turbulence models and account for the stress induced by
filtering near a solid boundary as well as the effect of the large grid aspect ratio. Results for neutral
boundary layer flow over a rough wall using the combined dynamic reconstruction model and the near-wall
stress model show excellent agreement with similarity theory logarithmic velocity profiles, a significant
improvement over standard eddy-viscosity closures. Stress profiles also exhibit the expected pattern with
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increased reconstruction level.

1. Introduction

In large-eddy simulation (LES), the fluid field is spa-
tially filtered to separate large eddies from smaller mo-
tions; the larger scales are simulated accurately, while
the effect of the smaller, subfilter scales on the large
scales is modeled. The construction of an appropriate
subfilter-scale (SFS) turbulence model for LES has
been the subject of decades of research. In this paper,
we adopt a velocity partitioning approach (Carati et al.
2001), which facilitates the proper modeling of the SFS
stresses when finite-difference or finite-volume meth-
ods are used. This approach has proven advantageous
in low Reynolds number flows (Gullbrand and Chow
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2003). We extend the velocity partitioning idea to large-
eddy simulation of the atmospheric boundary layer,
where the situation is complicated by high Reynolds
number flow and a rough lower boundary. The effect of
the latter must be dealt with by use of a wall model.
This paper focuses on neutrally stratified flow over flat
terrain, but the method can be used for general flow
situations.

The definition and application of the LES filters dif-
ferentiate the velocity partitioning approach from tra-
ditional methods. The traditional LES approach treats
the grid as the filter that separates large and small mo-
tions. The nature of this filter is both unknown and
different for each term in the equations. The effect of
the small motions on the larger scales is modeled as one
piece, usually with an eddy-viscosity model. In contrast,
the velocity partitioning approach applies a smooth ex-
plicit filter (such as a tophat or a Gaussian filter) to
separate resolved and SFS motions. It furthermore rec-
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ognizes that the presence of the numerical grid divides
the subfilter-scale motions into resolved and unre-
solved portions. The resolvable subfilter-scale (RSFS)
motions can be reconstructed using series expansions,
while the unresolvable subfilter-scale (USFS) motions
[also called subgrid scale (SGS)] are modeled sepa-
rately, typically with an eddy-viscosity model. This
method is also known as “explicit filtering and recon-
struction” (Gullbrand and Chow 2003). Both the RSFS
and SGS models rely on knowledge of the resolved-
scale behavior alone, but the RSFS portion can be ob-
tained directly by an inverse filtering operation, as ex-
plained in detail later.

Reconstruction of the RSFS stresses requires the
definition and application of an explicit filter in the
LES computation. The filter must be smooth (in wave
space) and have a width larger than the grid spacing.
The explicit filter is used in the series expansions in the
reconstruction procedure and also serves to damp fi-
nite-difference and aliasing errors (Lund 1997; Chow
and Moin 2003). Thus, explicit filtering and reconstruc-
tion are especially useful for finite-volume or finite-
difference codes, which are easily applied to flows over
complex geometries of interest in atmospheric bound-
ary layer studies. For de-aliased spectral methods, ex-
plicit filtering and reconstruction provide no advantage
over the traditional approach (see Winckelmans and
Jeanmart 2001) because numerical errors are easily
controlled.

A well-known problem in atmospheric boundary
layer simulations is their lack of agreement with simi-
larity theory in the near-wall region. In this region of
the flow, the grid resolution is not adequate to resolve
energy-containing scales and the contribution of the
SFS model dominates that of the resolved terms [see
the discussions in Sullivan et al. (1994); Khanna and
Brasseur (1997); Kosovi¢ (1997); Juneja and Brasseur
(1999)]. Standard turbulence closures for atmospheric
boundary layer flows use eddy-viscosity models alone
(ignoring the contribution of the resolvable subfilter-
scale stresses) and do not have correct near-wall behav-
ior. In this paper we explore whether explicit filtering
and reconstruction can improve LES results, as dem-
onstrated in low Reynolds number flows (Gullbrand
and Chow 2003). The rough bottom boundary in the
atmospheric boundary layer requires special treatment
(e.g., specifying a log law approximate boundary con-
dition); this will be addressed in the context of velocity
partitioning.

We examine a specific test case: the neutral, rotation-
influenced, large-scale boundary layer flow considered
by Andren et al. (1994). A state-of-the-art atmospheric
mesoscale and small-scale simulation model is used,
namely, the Advanced Regional Prediction System
(ARPS; Xue et al. 1995, 2000, 2001). ARPS is a finite-
difference LES-capable code designed for flow over ir-
regular terrain, so spectral methods and sharp Fourier
cutoffs in filters are not viable options. The enhance-
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ments to the code are those associated with the new
subfilter-scale models [see also Chow and Street (2002)
and Chow (2004)].

Our goal is to learn what logical steps and procedures
are required for subfilter-scale modeling to bring the
simulated flow fields into agreement with theoretical
expectations in the near-wall region. This includes de-
termining appropriate turbulence models and treat-
ments for the rough lower boundary. As a test case for
the traditional LES approach, we use the Smagorinsky
model (Smagorinsky 1963), which despite its deficien-
cies, remains commonly used in atmospheric applica-
tions. For the explicit filtering and reconstruction ap-
proach, we use the approximate deconvolution ap-
proach of Stolz and Adams (1999) for the RSFS stresses
with the dynamic eddy-viscosity model of Wong and
Lilly (1994) to represent SGS motions; these are the
components of our dynamic reconstruction model
(DRM), similar to that used by Gullbrand and Chow
(2003). The properties of the reconstruction model are
also discussed by use of the Taylor series expansion
model of Katopodes et al. (2000a,b). We also compare
results using explicit filtering but ignoring the RSFS
term, using the dynamic eddy-viscosity model (Wong
and Lilly 1994) alone. Three-dimensional filters are
used so that our approach is general enough for flow
over complex terrain where horizontal planar averages
are not applicable. The dynamic eddy-viscosity models
require augmentation near the lower boundary, so the
near-wall shear stress term of Brown et al. (2001) is
included to account for the stress induced by filtering
near a solid boundary and for the effect of the large grid
aspect ratio typically found near the boundary (Du-
brulle et al. 2002; Nakayama and Sakio 2004). This
near-wall stress term can be considered part of the SGS
model.

Combining reconstruction and eddy-viscosity models
yields a generalized (and higher order) version of the
well-known mixed model of Bardina et al. (1983), but
now the explicit filtering and reconstruction procedures
delineate clearly the contribution of the RSFS and SGS
motions. We advocate the general explicit filtering and
reconstruction approach. The specific components of
the models can vary, and there remains room for much
further research, particularly for SGS (including near-
wall) models. The RSFS component, as will be shown,
can be successfully recovered by series expansion meth-
ods. To the authors’ knowledge, explicit filtering and
reconstruction approaches have not previously been
applied to large-scale flows over rough surfaces.

The following sections summarize the framework for
construction of a hybrid, or mixed, LES SFS closure
model using separate RSFS and SGS components. We
also describe the implementation of the models and
results from LES simulations of the neutral boundary
layer. The results using the combined DRM and near-
wall stress models show excellent agreement with simi-
larity theory logarithmic velocity profiles, which is a
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F1G. 1. Schematic of velocity energy spectrum (with linear axes)
showing partitioning into resolved, RSFS, and SGS motions. The
NE region is also shown above the dotted line. The grid is indi-
cated by the vertical dashed line at wavenumber k, (correspond-
ing to the minimum resolvable wavelength), and the explicit filter
by the curved dashed line.

significant improvement over standard eddy-viscosity
closures.

2. Decomposition of subfilter-scale stresses

To facilitate our understanding of the requirements
in SFS modeling and especially to improve turbulence
models in the near-wall region, it is useful to consider
velocity partitioning schemes such as those of Carati et
al. (2001), Zhou et al. (2001), and Hughes et al.
(2001a,b). Figure 1 shows a schematic similar to that of
Carati et al. (2001) of a typical energy spectrum from a
turbulent flow. The application of a filter (which is
smooth in wave space) and a discretization operator
(needed to solve the LES equations on a discrete grid)
separates the spectrum into three parts. The low wave-
numbers are filtered and well resolved on the grid.
They are contained in the velocity i, where the tilde
operator represents the effect of discretization and the
overbar an explicit smooth filter. The middle portion
(shaded) represents subfilter-scale motions that are be-
tween the filter and grid cutoffs and hence resolvable
on the grid. These resolved subfilter-scale motions can
theoretically be reconstructed by an inverse filter op-
eration. Reconstruction is limited, however, by numeri-
cal errors (NE), which increase near the grid cutoff
because of the modified wavenumber effect on finite-
difference evaluation of derivatives (Moin 2001). In ad-
dition, there are errors due to aliasing effects, though
these are not as important in finite difference as in
spectral codes (Chow and Moin 2003). [Note that the
explicit filter damps these numerical errors so that rep-
resentation of the resolved field is more accurate
(Chow and Moin 2003).] The portion to the right of the
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vertical dashed line contains subgrid-scale motions that
cannot be resolved on the grid and must be modeled.
These are motions that are smaller than the Nyquist
wavenumber cutoff, k, = 2Ax. The amount of energy
contained in the SGS portion depends on grid resolu-
tion and the distance from the wall (Khanna and Bras-
seur 1997). In our chosen notation, the tilde operator
includes all effects due to numerics (the Nyquist cutoff
and numerical errors); we use the symbol loosely be-
cause discretization effects are not exactly known. We
also emphasize that Fig. 1 is an instantaneous represen-
tation of the separation of scales; time evolution will
alter the extent to which RSFS motions can be accu-
rately reconstructed, as discussed later.

ARPS employs the spatially filtered compressible
nonhydrostatic Navier—Stokes equations. For this pa-
per, ARPS was operated in a quasi-incompressible
mode (Xu et al. 1996). Using the notation defined
above, the LES governing equations for the resolved
velocity are

om, omm,  10p 5ot £ TR
ar =T "5 T 803 €imnlnhm — 5
ot 0x; p 0x; 0x;
od; 0 .
ox - Y ( )

7

where viscous terms have been neglected. Here #; are
the velocity components, p the pressure, p the density,
and f the Coriolis parameter. While the discretization
effects are different for every term in the equation (due
to the various finite-difference schemes used), the same
explicit filter is applied to all variables. It is assumed
that the filtering and discretization operations commute
with the spatial derivatives, which is true for spatially
homogeneous filters. Some error is introduced if this is
not so (Ghosal and Moin 1995). Further details on the
equations used by ARPS are given in Xue et al. (2000)
and Chow (2004, appendices C and D). The configura-
tion used for this work is described further in section 5a.

We define the total SFS stress as

T = Wl — W 3)

Note that when the SFS stress appears in the filtered
and discretized Navier—Stokes equations, it appears as
(07;/0x;), where the tilde indicates the added effect of
the discretization, as in the advection terms. [The dis-
cretization operation is essentially a de-aliasing step as
well (Chow and Moin 2003)]. The full turbulent stress
can be decomposed into resolved and unresolved por-
tions:

Tsps = Ty = Wy — Wil = (uiuj -

aa,) + (A, — ).

7sGs "RSFS

4)

The first two terms on the right-hand side are the sub-
grid-scale stresses, 7ggs. They depend on scales be-
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yond the resolution domain of the LES and contain the

unclosed nonlinear term #;z;, which must be modeled.
The last two terms are the filtered-scale stresses, Trsps,
which depend on the differences between the exact and
filtered velocity fields within the resolution domain.
This resolved subfilter-scale component, Tzgzg, can
theoretically be reconstructed because it is a function of
ii;, which can be obtained by deconvolution (inverse
filtering).

Currently available SGS models do not represent the
true SGS motions well. It is hoped that by reconstruct-
ing the RSFS portion, the overall representation of the
SES stress will be improved, as the SGS contribution
will decrease overall. However, near a rough wall, eddy
sizes decrease much faster than any grid stretching, and
the bulk of the stress contribution comes from SGS
terms (Sullivan et al. 2003). In general, the total stress
is given by

Tiotal — TResolved T TRsks T TsGs» S)

where Treoowvea 18 the resolved-scale stress defined in
section 5c3. Because eddies scale roughly as distance
from the boundary and the filter and grid cutoffs are
fixed, as we approach the wall (z — 0), it must be that
TResolved — 0 and Trgps — 0 because there are no eddies
in their respective spectral areas and all of the eddies
are subgrid, SO Ty — Tsgs as 2 — 0. The stress on the
wall is given by a wall model such as the log law. Thus
Tsgs supports the total stress at the wall, suggesting the
use of a specific near-wall stress model that represents
the stress induced by the rough boundary. We employ
a separate near-wall stress model as a supplement to
the general SGS models used in this work.

3. Reconstruction models: Series expansion
approach

Using this velocity partitioning framework for the
turbulence closure, the RSFS and SGS components can
be modeled separately. We first focus on the RSFS
components, which can be reconstructed in terms of the
resolved velocity. Several methods have been proposed
to represent such subfilter-scale motions. Bardina et al.
(1983) made a seminal contribution by introducing
scale-similarity models, which create an approximation
to the full velocity field to estimate the RSFS stress.
In Bardina’s model, the discrete full velocity is ap-
proximated by the filtered velocity, @; ~ i, to obtain
Trsps =~ Hill; — ;.

Later models have included those of Yeo and Bed-
ford (1988), Shah and Ferziger (1995), Geurts (1997),
Stolz and Adams (1999), Zhou et al. (2001), and Du-
brulle et al. (2002) [see the review of Domaradzki and
Adams (2002)]. All of these methods, except the last
two, rely on approximate filter inversion. The method
of Zhou et al. (2001) models motions beyond a sharp
filter cutoff with an evolution equation; in our context,
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this approach may be useful as an SGS closure. Du-
brulle et al. (2002) also model scales smaller than the
grid using a separate dynamic equation. Here, we focus
on velocity reconstruction approaches using Taylor se-
ries expansions (Katopodes et al. 2000b) and the van
Cittert iterative method used in the approximate de-
convolution model of Stolz et al. (2001a). These series
expansions rely on the application of a smooth explicit
filter; a spectral cutoff filter cannot be used.

a. Recursive Taylor series expansions

Katopodes et al. (2000a,b) used successive inversion
of a Taylor series expansion to express the unfiltered
(but resolvable) velocity in terms of the filtered veloc-
ity. For an isotropic tophat filter applied on a uniform
grid, the expansion reduces to

A2
ax, y,2) = 4,x, y,2) — ﬁ V23,
(4, o)
5760\ ax* oyt a7t

ENTH

i

5A7
1728 axzayz

+

a*a,
+
ax?az>

+ O(AD), (©)

to fourth order in the explicit filter width, A, An aniso-
tropic filter is used in simulations, but the isotropic ver-
sion is shown here for simplicity. Odd powers of x, y, or
z disappear because of symmetry. Other spatially com-
pact filters give similar results, with a change in the
expansion coefficients. The expansion can be extended
to an arbitrary order of accuracy by including more
terms in the series, though these become cumbersome
to compute. Note that the series expansion only recov-
ers scales up to the grid cutoff. The approach can simi-
larly be applied to the scalar transport equation, as
done by Katopodes et al. (2000a).

a*a,

9y%0z°

b. Approximate deconvolution method

High-order reconstruction of the RSFS stress tensor
can also be achieved with the iterative deconvolution
method of van Cittert (1931). This reconstruction is
used by Stolz and Adams (1999) and Stolz et al. (2001a)
who call their RSFS model the approximate deconvo-
lution model (ADM). The unfiltered quantities can be
derived by a series of successive filtering operations (G)
applied to the filtered quantities with

L=+ -G *a,+(I—-G)*[(I-G)*d]+...,
™)

where [ is the identity operator, and G is the explicit
filter. This expansion can also be extended to an arbi-
trary order of accuracy by including more terms in the
series, though it is not immediately obvious what the
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order of magnitude of the next set of terms is. Level-n
reconstruction includes the first n + 1 terms of the
series. Computation of higher-order terms is straight-
forward, as it simply requires repeated application of
the same filter operator.

c. Generation of the Trgpg models

We derive models for 7; by substituting a series ex-
pansion for the reconstructed velocity (i7¥) directly into
(4) to obtain

Trsps = U} 7‘k - ﬁz*lz,* (®)
The series expansions for i; could also be substituted
directly into the filtered advection terms of the filtered
Navier-Stokes equations, without moving the filtered
terms to the right-hand side. This was done by Gull-
brand and Chow (2003) and Stolz et al. (2001a), while
the SGS contribution was added to the right-hand side
as usual. In our implementation, we have both the se-
ries expansions and the SGS models on the right-hand
side for ease of implementation in ARPS.

For the ADM approach, nothing further is required.
In the Taylor series approach, we expand Eq. (8) to
derive RSFS models of arbitrary order of accuracy in
the (isotropic) filter width, Ay, giving (to fourth order):

- AZ AZ
Trsks = Wiil; — Uil — 24 uivzuj 54 ujvzui
A2 AR
IEveE 4 L e
+ 7 uv-oa; + 7 TAYT )

The first two terms are analogous to the Leonard terms
in the SFS stress; the higher-order derivative terms can
be shown to be dissipative (Clark et al. 1977). To sec-
ond order in the filter width, Eq. (9) reduces to the
Bardina scale similarity model, as does the ADM at
lowest order.

The series model in Eq. (9) can be rearranged by
expanding the higher derivatives and using the filter
definition to “unfilter” a few terms. We obtain

A7 oa, od;
TRSFS 1) oy, ox,,

(10)

which is equivalent to Eq. (9) to fourth order in the
filter width [see Katopodes et al. (2000b); Chow (2004)
for details]. Equation (10) is similar to the model pro-
posed by Clark et al. (1977) [also known as the tensor-
diffusivity model, see, e.g., Winckelmans et al. (2001)]
but with an extra filter. This modified Clark model is
considerably simpler than Eq. (9) to implement nu-
merically. We have not, however, presented results for
this model here because it can be shown to be equiva-
lent to the ADM (see below) and does not perform
better than the ADM, which is easier to implement.
The Taylor series method is, however, useful for relat-
ing the truncation error to the filter width, which leads
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to the important property that the series models satisfy
the 7; evolution equations (see below). [For results us-
ing Eq. (10), see Chow (2004); see Winckelmans et al.
(2001) and Iliescu and Fischer (2003) for other imple-

mentations of the tensor-diffusivity model.]
d. Properties of the reconstructed Trgpg

A few observations about both reconstruction meth-
ods [Egs. (6) and (7)] are worthwhile. First, neither
model has parameters other than the filter width and
the number of terms to keep in each series, and no
assumptions are made about the form of the RSFS mo-
tions. The models should thus be able to capture aniso-
tropic motions. Scale-similar models are also invariant
under Galilean transformations (Speziale 1985), and
they exhibit correct near-wall behavior in smooth-wall
flows when used in a mixed model (Sarghini et al.
1999). Their scale-similarity properties have desirable
effects in a priori tests (Katopodes et al. 2000b; Stolz et
al. 1999). Furthermore, the evolution equation devel-
oped by Katopodes et al. (2000b) for the approximate
7; indicates that these resolvable subfilter-scale stresses
are influenced by buoyancy, Coriolis, diffusion, pres-
sure, and advection terms, just as the resolved velocities
are. Thus the expressions in Egs. (9) and (10) for 7;
(and as noted below, the equivalent ADM expressions)
capture the effects of all of the relevant physical mecha-
nisms, to fourth order in the filter width.

While it is not as easy to relate the truncation error of
the ADM approach to the filter width, the van Cittert
iterative method can easily be related to the Taylor
series reconstruction method. For example, appendix B
of Stolz et al. (2001a) shows how the tensor-diffusivity
model can be derived from the ADM. Using finite-
difference representations, it is also easy to show the
equivalence of these two reconstruction approaches
(Chow 2004). A difference in implementation arises
when the reconstructed velocities are substituted back
into the RSFS stress expressions. In the Taylor series
approach, terms of fourth-order or higher are explicitly
disregarded, for example, in the computation of the
product terms. That is, we are careful to maintain the
order of the final expression even after it has been sub-
stituted into ;. Discretization is applied only after the
final form has been obtained. When the ADM recon-
struction terms are used, the discretely reconstructed
velocities are substituted directly into the RSFS expres-
sion. Therefore, higher-order terms are implicitly con-
tained in the RSFS expressions. The difference in the
ADM (n = 1) versus Taylor series (fourth order) ap-
proaches is in the fourth order truncation terms. The
use of the Taylor series expansions more easily pre-
serves the desired order of the reconstruction, but the
ADM approach is much simpler to implement numeri-
cally.

In summary, the series expansion representations of
the RSFS stresses are theoretically excellent [further
discussion can be found in Gullbrand and Chow (2003)
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and Chow (2004)]. They perform well in a priori tests
and can be used up to any order of accuracy desired,
within the grid resolution limitations. The computa-
tional cost does, however, increase with increasing lev-
els of reconstruction. Furthermore, interaction with nu-
merical errors in a posteriori tests is not easy to predict;
results are examined in the later sections. In the next
section, we describe approaches to modeling SGS mo-
tions, which become increasingly important at coarse
grid resolutions such as those present near the lower
surface in atmospheric boundary layer flow simula-
tions.

4. SGS and wall models

Aside from the discretization errors in the numerical
model and in the reconstruction procedure itself, the
above reconstruction methods are exact to within the
chosen truncation error. Unfortunately, the turbulence
closure problem remains in the SGS terms. Equation
(4) still has the unclosed term zzz; in the SGS portion of
the total SFS stress. The interaction of the SGS and
RSFS motions is also hard to predict and may create
errors that limit the reconstruction as well. The SGS
term must account for any such errors in the RSFS
term.

Carati et al. (2001) suggest that there is a separation
of scales of sorts between the resolved component and
the subgrid component of the velocity field (see Fig. 1)
that perhaps makes an eddy-viscosity model a good
choice for the SGS motions. Unfortunately, they find
very poor correlations between eddy-viscosity model
quantities and those calculated from direct numerical
simulation (DNS) data. For lack of a better framework,
a simple eddy-viscosity form is also assumed in this
work for modeling the unclosed SGS term:

(11)

where v_is the eddy viscosity, and S; = (12)(ai;lox; +
0ii;/dx;) 1s the resolved strain rate tensor. The closure
problem shifts to determining the best representation
for v . Despite the known shortcomings of this class of
models, they are convenient to use when energy trans-
fer to the subgrid scales is desired. The variations of
eddy-viscosity models are too numerous to describe
them all, so we focus on the models we have chosen for
our study. These particular SGS models have been used
before to represent the complete SFS stress, but none
have been previously used with explicit filtering and
reconstruction in large-scale flows. Near the lower
boundary, the SGS closure requires special treatment,
as described in section 4d below.

TsGgs — _ZVTSij’

a. Smagorinsky-based eddy-viscosity models

One of the most commonly used eddy-viscosity mod-
els is the Smagorinsky model (Smagorinsky 1963),
which assumes

CHOW ET AL.

2063

vr = (CsAf (28,5, (12)
where Cg is the Smagorinsky coefficient, and A, is the
grid spacing. The Smagorinsky model has several draw-
backs, especially near the surface, where it overpredicts
the stresses (see the discussion in Juneja and Brasseur
1999). All eddy-viscosity models fail to allow for back-
scatter of energy from small to large scales. Atmo-
spheric measurements show that backscatter is present
near the surface and should be included in LES turbu-
lence closure schemes [see Porté-Agel et al. (2001) and
Sullivan et al. (2003)]. Correlations from a priori tests
show that the eddy-viscosity stress tensors are not
aligned with calculations from DNS data (Katopodes et
al. 2000b). Furthermore, Mason and Thomson (1992)
showed that the failure of the Smagorinsky model near
the surface could not be cured by increasing grid reso-
lution. There will always be a region near the rough
bottom boundary where the flow is underresolved. Sev-
eral modifications and alternatives to improve perfor-
mance near the surface have been proposed [see e.g.,
Sullivan et al. (1994)], but we use the Smagorinsky
model in its standard form to simplify the comparisons.

b. Dynamic eddy-viscosity models

The standard Smagorinsky model requires the use of
a predetermined coefficient, Cs. An alternative is the
dynamic Smagorinsky model (DSM), where the Sma-
gorinsky coefficient Cy is determined automatically by
applying the same models at the test filter level (Ger-
mano et al. 1991). The assumption is that the same
Smagorinsky coefficient could be used if the same
equations were applied on a coarser grid. The DSM is
widely used as the eddy-viscosity SGS model in small-
scale turbulence studies (see e.g., Germano et al. 1991;
Meneveau and Katz 2000). The DSM has been used
with explicit filtering in small-scale flows by Winckel-
mans et al. (2001) and Gullbrand and Chow (2003); this
requires special attention to the application of the test
filters.

Applications of dynamic models to high Reynolds
number flows have been few. Balaras et al. (1995) used
the DSM in simulations of high Reynolds number chan-
nel flow with rough walls (though still at laboratory
scales). Esau (2004) simulated the large-scale neutral
atmospheric boundary layer using the DSM and the
dynamic mixed model (DMM) of Zang et al. (1993)
with some improvement over the standard Smagorin-
sky model. Porté-Agel et al. (2000) developed a scale-
dependent dynamic Smagorinsky model to account for
the near-wall region where motions are underresolved.
When applied to a neutral atmospheric boundary layer,
they achieved improved logarithmic velocity profiles,
but at the cost of an extra filtering step in the dynamic
procedure and an empirical function to determine the
scale dependence.

Because of sensitivities of the DSM to the bottom
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boundary condition (see section 5b), as well as for ease
of implementation, we instead use the dynamic model
of Wong and Lilly (1994), who simulated the convective
boundary layer. Wong and Lilly (1994) present a sim-
plified base model that requires no calculations of §;
during the dynamic procedure. Instead, the base model
is derived from Kolmogorov scaling, which expresses
the eddy viscosity as

(13)

2/3 A 4/3_1/3 473
vr=CTAe™, or vr= CA/”,

where C, = C*P¢'” is the coefficient of interest; hence
the traditional requirement that the dissipation rate &
be equal to the SGS energy production rate (including
the buoyancy term) is avoided. This base model re-
duces computational cost because the derivatives in Eq.
(12) (at grid and test levels) are no longer required. In
the dynamic Wong-Lilly (DWL) formulation, the coef-
ficient is determined using the least squares method of
Lilly (1992):

oS

(LyS3) ' (14)

NN

[1 — (A/AYYS;S5)

4/3 _
2CAY =

Here, the brackets ( ) denote local averaging, * denotes
the test filter, and

f (15)

% 1 auT§+auT;!
T2 \ox, ox; )

We use the notation of Carati et al. (2001) to define the
test-filtered terms; the ~° operator denotes the effect of
the discretization operator at the coarser test-level grid.
The discrete forms of the explicit and test-filter opera-
tors are given in Egs. (23)-(25).

(16)

c. Combined RSFS and SGS models

We use the ADM (for the RSFS) and the DWL (for
the SGS) to obtain the total SFS stress:

WAk %k % 43a
Ji = a; ar — 2CACS,,
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which we call the dynamic reconstruction model (simi-
lar to Gullbrand and Chow 2003). We also use ADM
reconstruction series from levels zero through ten, de-
noted DRM-ADMO-DRM-ADM10. Note that DRM-
ADMO is similar to the DMM with explicit filtering as
implemented by Vreman et al. (1994), but with the
DWL substituted for the DSM. The standard Smagor-
insky model without an RSFS component is our refer-
ence case.

The eddy-viscosity coefficient in this combined
RSFS/SGS approach is determined dynamically from
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<(Lij - Hl,)§;>>
2C AP = O
[1 = (/A" KSPS;
where we define (shown here for level-zero reconstruc-
tion only)

(18)
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Hij = (’jfﬁ; —aia; ) — (ﬁiﬁj - ﬁiﬁj ), (19)
and ask for the reader’s indulgence for the use of such
compact notation. This derivation again uses the least
squares approach and is similar to that of Zang et al.
(1993) and Vreman et al. (1994), thus taking into ac-
count the contribution of the scale-similarity portion (in
H,;) while computing the dynamic coefficient. The grid
cutoff (7, 7¢) operators are not explicitly applied be-
cause no robust means exist for applying a cutoff filter
in a finite-difference simulation like ours. The notation
serves as a reminder of the effect of the discretization
operators. The finite-difference schemes on the coarser
grid level limit aliasing effects because of the modified
wavenumbers that decay to zero near the grid cutoff.
Our combined RSFS and SGS models constitute a
mixed model that represents both backscatter of small-
scale energy to the larger scales and forward scatter
(dissipation) of large-scale energy by the small scales.
Both processes are essential for reasonable representa-
tion of subfilter-scale effects.

Finally, we note that the mixed model (RSFS/SGS)
approach could be used with other SGS models, such as
static Smagorinsky, the modified version of Sullivan et
al. (1994), or 1.5-order turbulent kinetic energy-based
(Deardorff 1980; Moeng 1984) closures commonly used
in cloud-scale simulations with parameterizations of
stability effects. The values of the turbulent kinetic en-
ergy (TKE) equation coefficients are often debated
(see e.g., Takemi and Rotunno 2003; Deardorff 1971),
so a dynamic procedure like that of Wong and Lilly
(1994) is more desirable. Stolz et al. (2001a) use the
ADM reconstruction with a relaxation term to drain
energy at the smallest scales and also include a dynamic
procedure for determining the coefficient. This combi-
nation has performed well in simulations of small-scale
incompressible channel flows (Stolz et al. 2001a), and
compressible flows such as shock—turbulent-boundary
layer interaction (Stolz et al. 2001b). For this work, we
chose familiar eddy-viscosity formulations for their
known performance in large-scale flow simulations.

d. Enhanced near-wall stress model

Very near the rough lower boundary, the physics of
the flow, the grid aspect ratio, and the effect of filtering
(in three dimensions) lead to the requirement for spe-
cial treatment in the turbulence model. In this near-wall
region, the eddy size decreases much more rapidly than
the grid spacing (Zhou et al. 2001; Sullivan et al. 2003).
The vertical grid spacing is invariably smaller than the










































