31

32
33
34
35
36

38

40
41

WATER RESOURCES RESEARCH, VOL. 42, W06D10, doi:10.1029/2005WR004685, 2006

Click
Here

Full
Article

Numerical study of dynamic Smagorinsky models in
large-eddy simulation of the atmospheric boundary
layer: Validation in stable and unstable conditions
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[11 Large-eddy simulation (LES) of atmospheric boundary layer (ABL) flowis
performed over a homogeneous surface with different heat flux forcings. Fheygoalts to test
the performance of dynamic subgrid-scale models in a numerical framework ‘and to
compare the results with those obtained in a recent field experimental study-(HATS
(Kleissl et al., 2004)). In the dynamic model the Smagorinsky coefficient c; is obtained
from test filtering and analysis of the resolved large scales during the simulation. In the
scale-invariant dynamic model the coefficient is independent ofifilter scale, and the scale-

dependent model does not require this assumption. Both/approaches. provide realistic
results of mean vertical profiles in an unstable boundarty, layer. The advantages of the
scale-dependent model become evident in the simulation of@stable boundary layer and in
the velocity and temperature spectra of both stable and unstable cases. To compare
numerical results with HATS data, a simulation of the evolution of the ABL during a
diurnal cycle is performed. The numerical prediction of'¢y from the scale-invariant model
is too small, whereas the coefficients obtained from'the scale-dependent version of the
model are consistent with results from HATS. LES, of the ABL using the scale-dependent
dynamic model give reliable results for mean profiles’and spectra at stable, neutral, and
unstable atmospheric stabilities. However, simulations under strongly stable conditions
(horizontal filter size divided by Obukhov lgngth >3.8) display instabilities due to basic
flaws in the eddy viscosity closure, noymatter.how accurately the coefficient is determined.
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1. Introduction

[2] In large-eddy simulation (LES)yof turbulent flows, a
subgrid-scale (SGS) model /aceounts for the effect of the
small scales (smaller than the grid'size A) on the (simulated)
resolved scales. Resolved scales.are defined conceptually by
filtering the velocity and scalar fields at the grid scale

u(x) = / u(X)Fa(x — x')dx/, (1)

where u is the filtered velocity and F, is the (homogeneous)
filter function at scale A. The most commonly used
approach for parameterization of the SGS stress T; =
u;u; — u;u; is the Smagorinsky model [Smagorinsky, 1963]:

1 ~ 2~
Tz_mag — ngkfiij =28, vr= <C.5A)A> ‘S‘ (2)
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§,-j is the strain rate tensor, |S| = \/Zg,jglj is its magnitude,

and vz is the eddy viscosity. The Smagorinsky model
includes a parameter B the Smagorinsky coefficient,
which needs to be specified to complete the closure.
Accurate specification of this parameter is of paramount
importance, since it determines the magnitude of the mean
rate of SGS dissipation of kinetic energy, 115 = —<Ty-S,-,2. In
traditional LES of atmospheric boundary layers, ¢ is
deduced from phenomenological theories of turbulence
[Lilly, 1967; Mason, 1994] and also from models for the
effects of stratification and shear upon the turbulence [Hunt
et al., 1988; Deardorff, 1980; Canuto and Cheng, 1997;
Redelsperger et al., 2001]. As a consequence, in simulations
) is based on predetermined expressions that relate ¢’ to
flow parameters such as the Kolmogorov constant ¢, the
ratio of filter scale to distance to the ground and/or to the
Obukhov length, etc.

[3] In an important development in turbulence theory and
modeling, Germano et al. [1991; proposed a model entail-
ing dynamic determination of ¢!). In the “dynamic model,”
selected features of the numerically computed large-scale
fields are analyzed during the simulation to deduce the
unknown model coefficient, instead of obtaining it from
predetermined expressions. The rationale for the dynamic
model is that the resolved scales in a simulation may reflect
the effects of phenomena such as stratification, coherent
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structures, or wall blocking and their complex interactions
more realistically than available turbulence theories.

[4] The dynamic model is based on the Germano identity
[Germano, 1992],

(3)

where L;; is the resolved stress tensor and Tj; = w;u; — uju; is
the subgrid stress at a test filter scale A (an overline
denotes test filtering at a scale aA). In simulations, « is
typically chosen to be equal to 2. Applying this procedure
and replacing 7j; and T, by their respective prediction from
the Smagorinsky model, one obtains:

L,’j = M,'I/lj — u,-uj = TU — ﬁ,

1 2
Lij — 3 0Li = (C§A)) M, (4)
where
My = 242 (‘5 Sy — o8[S ?,) (5)
and
(0d))?
p= L) (©)

is the ratio of coefficients at test and grid filter,scales.
Assuming scale invariance of the coefficient, namely

A) C(uA)

N s ? (7)
Equation (4) can be solved for ¢! by minimizing the square
error averaged over all independent tensor, components
[Lilly, 1992]

(®)

Angle bracktes denote averagingsin some)spatial [Ghosal et
al., 1995] or temporal domain [Meneveau et al., 1996]. For
further details about the dynamic medel, see Meneveau and
Katz [2000], Piomelligl999], and Kleissl et al. [2004,
hereinafter referred to as\,KPMO4]:

[s] While the dynamictmodel provides realistic predic-
tions of ¢ when the flow field is sufficiently resolved (that
is, the filter scale is much smaller than the turbulence
integral scale), it was found in a posteriori [Porté-Agel et
al., 2000, hereinafter referred to as POR] and a priori tests
(KPMO04) that ¢ is underpredicted both near the wall and
in stably stratified flows. POR attributed this weakness to
the assumption of scale invariance (equation (7)) and
proposed a dynamic model in which the coefficient is
scale-dependent. In this modification of the dynamic model
a second filter is applied at scale oA (denoted by a hat) in
addition to the filter at A producing an equation analogous
to equation (4):

where Oy = u;u; — u;u;

1 y 2
0jj — 36iijk = (Cﬁ”) Nij, )

—

Ny = 202 (’E 5y - o5 (10)
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It has been assumed here that 3 is the same in the intervals
between grid and test filter, and between test and second test

filter scales, that is
4 g (11)
CE(XA) CAE*A) ’
which implies that
(ea)
N 2
W =0 (12)

(see POR for more'details). At this stage the two equations (4)
and (9) can besselved™for the two unknowns ¢ and 8. For
further details on the scale-dependent dynamic model, see
POR and KPM04.

[6] The\scale-dependent dynamic model was applied,
together withy planar averaging, to LES of neutral atmo-
spheric boundary layer flow (see POR), demonstrating an
imptoved prediction of /. As a consequence, more
realistic results for mean velocity gradients and streamwise
energy spectra were obtained. Also, in a priori tests
(KPMO04) of field experimental data (Horizontal Array
Turbulence Study (HATS) [Horst et al., 2003]), the scale-
dependent model gave much improved predictions of ¢{*
not only in neutral but also under unstable and stable
atmospheric stability.

[7] It is important to note that even a perfect prediction of
¢, cannot simultaneously produce the correct SGS dissipa-
tion, SGS stress, and SGS force [Pope, 2000; Meneveau,
1994] and that the correlation between SGS stress tensor
and filtered strain rate tensor is weak leading to poor
performance of the Smagorinsky model in a priori testing
[McMillan and Ferziger, 1979; Liu et al., 1994; Bastiaans
et al., 1998; Higgins et al.,, 2003]. Indeed both dynamic
SGS models examined in the paper cannot improve the
stress-strain correlations, since the models considered only
affect the constant c;. In Figure 8 of Kleiss/ et al. [2003] we
showed explicitly that the mean SGS fluxes would not be
predicted accurately when the mean dissipation is predicted
correctly. Despite these limitations, the widespread use of
the eddy viscosity closure in the simulation of atmospheric
flows justifies further research on the Smagorinsky model.

[8] In the present study, numerical predictions for &
will be compared to measurements from HATS, and the
effects of the SGS model on the flow statistics will be
quantified. We examine the predictions for &Y from both
the scale-invariant and the scale-dependent dynamic model
in a numerical framework. Through comparison of the
results to KPMO04, the applicability of a priori results from
field experiments to a posteriori settings in LES can be
evaluated. Note that in HATS the filter size was defined in
terms of the horizontal filter scale A;, namely A, = A, = A,,
where A, and A, are the filter sizes in the streamwise and
spanwise directions, respectively. A, and A, also denote the
horizontal grid spacings used in the LES of this paper.
Furthermore, in the LES, the basic length scale used in the
definition of eddy viscosity (e.g., equation (2)) is A =
(AAA)'? = (A3A)'? [Deardorff, 1974; Scotti et al.,
1993], where A, denotes the vertical grid size used in the
LES. However, for consistency with the HATS experimental
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data, in this paper the results will be presented in terms of
the horizontal filter scale A;, throughout. In LES a horizontal
cutoff filter is used in wave number space and implicit
filtering by the grid spacing is assumed in the vertical. The
variables used in the dynamic procedure for determination
of the Smagorinsky coefficient (equation (3)) are filtered at
a A in the horizontal directions only, both in LES and
HATS.

[v] During HATS, turbulence data were collected from
two horizontal crosswind arrays of three-dimensional sonic
anemometer-thermometers in the atmospheric surface layer.
From the field data the empirically determined Smagorinsky
model coefficient ¢{**™P was obtained by matching mean
measured and modeled SGS dissipations 115 [Clark et al.,
1979]

(cperm)’= - L)

(2425135,
where the angle brackets denote Eulerian time averaging
over a timescale 7. Using this technique, Kleiss/ et al.
[2003, hereinafter referred to as KMPO3 and Sullivan et al.
[2003] quantified the dependence of ¢! upon distance to
the ground and atmospheric stability. Spec1ﬁcally, KMP03
found that independently of 7., the median of cg ) is well
described as a function of stability and height by an
empirical fit:

A co AN Y2
B emp) _ h o An
CO{I—FR(L)} {H(& )] ) (14)

where R is the ramp function, n = 3, ¢guaz 0.135] L is the
Obukhov length, and k is the van Karman constant. Using
the same data set, KPM04 examined the ability of dynamic
SGS models to predict the measured'e{™“™ and its trends.
Using the standard scale-invariant dynamic model it was
found that the scale invariancefassumption is violated when
the filter size is large (A, />.z or A, > L) resulting in
coefficients that are too smallyConversely, the scale-
dependent dynamic model,allows’ for scale dependence of
the coefficient and as a‘tesylt the predicted coefficients were
found to be close to th¢ measured values under various
stability conditions. The objective of the present work is to
compare the performance of the two versions of the
dynamic model in LES (a posteriori).

[10] One important difference between the experimental
analysis and the present simulations is the type of averaging
employed to measure the coefficients: In the a priori
analysis of KPMO04, Eulerian time averaging over times 7.
was performed, whereas in the simulations time averaging
along fluid path lines (Lagrangian averaging [Meneveau et
al., 1996]) is used. Lagrangian time averaging was intro-
duced for the general applicability of dynamic models to
flows in complex geometries which do not possess spatial
directions of statistical homogeneity over which to average
[Bou-Zeid et al., 2004, 2005].

[11] This paper is organized as follows: The LES code
and the Lagrangian SGS model are briefly described in
section 2. Two test cases in stable and unstable conditions
are analyzed in section 3. Predictions for ¢! A from the
simulation of a diurnal cycle are compared to HATS results

(13)
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in section 4 (a more detailed analysis of a diurnal simulation
is presented by Kumar et al. [2005]. Conclusions follow in
section 5.

2. Numerical Simulations
2.1. LES Code and Boundary Conditions

[12] The conditions for the numerical simulations are
selected to closely.match the measurement condltlons
during HATS. Simulations are performed using a 160° grid
staggered in the vertieal, and spanning a physical domain of
4000 m x 4000 m % 2000.m, thatis A, = A, =25m, and A,
= 13 m. The filteredsNavier-Stokes equations are integrated
over time based on the numerical approach described by
Albertson and Parlange [1999a, 1999b].

B I, S I
Btu,- + uj(@-u,- — 61-14]-) = 78,[7* — g§6i3 — @Ti,-
+f(u27vg) il +f( )6127 (16)
0+ 0y (0i) = ~9yqy (17)
The variable 6 = 6 — (§>x,y describes temperature

fluctuations away from the planar averaged mean, g is the
gravitational acceleration, and f'is the coriolis parameter. g;
is the SGS heat flux

(18)

= —Prg} czAz‘ ‘
qi SGS o,

where Prggs is the turbulent SGS Prandtl number, which is
set to Prggs = 0.4. This is a value often used for neutral
conditions [Kang and Meneveau, 2002, Figure 9b]. While
Prggs depends on stability, it does not vary as much as c.
Thus, in this work we prefer to focus on dynamic
determination of ¢, while keeping Prsgs fixed to avoid
additional computational cost. For dynamic implementa-
tions of the SGS model for heat flux, see Porté-Agel [2004]
and Stoll and Porté-Agel [2006].

[13] Pseudospectral discretization is used in horizontal
planes and second-order finite differencing is implemented
in the vertical direction. The second-order-accurate Adam-
Bashforth scheme is used for time integration. Nonlinear
convective terms and the SGS stress are dealiased using the
3/2 rule [Orszag, 1970]. Message passing interface (MPI)
was implemented to run the simulation in parallel mode on
supercomputers.

[14] As in equation (2), A in equation (18) is defined as A

=(AA Az)l/ 3, while results will be reported as functlon of
A, The Coriolis parameter f=sin ® x 1.45 x 107*s ' is
imposed, using ® ~ 36°N for the latitude of the HATS
array. The modified pressure is p* = p/py + 3 Tie + 33 010;.
(ug, vg) are the components of the imposed geostrophic
wind velocity.

[15] The horizontal boundary conditions are periodic and
the vertical boundary conditions are zero vertical velocity
and imposed stress at the bottom, and zero stress and zero
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vertical velocity at the top. The surface shear stresses are
prescribed using Monin-Obukhov similarity law:

K 2 )\ 05
T3 = 7(7lnz/z(,—1bm> <u +v> u (19)

(20)

K P \052
T23 = _(7lnz/zo — ﬁJm) <u +v > v,
where () represents a local average from filtering the
velocity field at 2A (see Bou-Zeid et al. [2005] for more
details about the need for such filtering). The roughness
length at the surface is set to z, = 0.02 m, equivalent to the
value determined from the HATS data, and van Karman’s
constant kK = 0.4. The flux profile functions in unstable
conditions are given by Dyer [1974] with the correction by
Hogstrom [1987], while in stable conditions we use the
formulation by Brutsaert [2005]:

o= (1—1522/1)""* when L <0 (21)
zJL+ (z/L)* (1 + (z/L)2'5)71+1/2'5
b, =1+6.1 5 when™ L >0
zJL+ (1 + (z/L)2‘5>
(22)
op = (1—152z/L)""* when ' L'&0 (23)
Z/L n (Z/L)l*l (1 n (Z/L)Ll)—l-f-l/l.l
b, =1+53 /T4 when L >0
z/L+ (1 + (Z/L)“)
(24)
[16] The V¥, functionsyare determined as follows:
~z/L
on(z/2) = Y 11 T 0 . (25)
ZofL

[17] These wall models are themselves parameterizations
for unresolved near-surface fluxes occurring at scales below
the first grid point and involve a series of modeling
uncertainties. For a discussion, see, for example, Piomelli
and Balaras [2002].

[18] Near the top boundary of the domain, a numerical
sponge is applied to dissipate energy of gravity waves
before they reach the upper boundary of the domain
[Nieuwstadt et al., 1991]. The sponge treatment is
applied to the four uppermost levels of the grid. The
simulations are forced with prescribed geostrophic veloc-
ity (ug, vo) and surface kinematic heat flux (w'0'),. The
boundary layer height, z;, is used as a characteristic
length scale.

2.2. Lagrangian Scale-Dependent Dynamic SGS Model

[19] In LES with the dynamic model, the numerator and
denominator in equation (8) need to be averaged over
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Table 1. Details of the Four Simulations Conducted for This
Study”

Unstable Stable
Parameter DYN SD DYN SD
<W'9'>s, km s™! 0.1 0.1 —0.02 —0.02
tavg> 3-4 3-4 10-12 10-12
z, M 855 855 212 162
L, m —43 —42 61 45

“All simulations were conduéted in a domain of 4000 x 4000 x 2000 m
and at a resolution of 1603.“DYN” abbreviates the Lagrangian scale-
invariant dynamic simulation, while/““SD” abbreviates the Lagrangian
scale-dependent dynamie®Simulation. The time period of the simulation
used for the quantitatiye analysis is given by #,,,. The inversion height z;
was determined as thehlocation of minimum heat flux for the unstable
simulations and asgthe location where the momentum flux is 5% of its
surface value in/the stable simulations.

hemogeneousyareas or over time in order to prevent nega-
tive eddy viscosities that may lead to numerical instabilities.
Typi€ally in channel flow, or ABL flow, ¢\ is computed
from quantities averaged over horizontal planes. Though
spatial averaging across horizontal planes in flow over
heterogeneous surfaces is not appropriate, time averaging
is always possible in principle. However, to comply with
Galilean invariance, time averaging must be performed
following material fluid elements, and this leads to the
development of the Lagrangian dynamic model [Meneveau
et al., 1996].

[20] The original Lagrangian SGS model uses the def-
inition of equation (5) with 3 = 1 (that is the scale-
invariant version). As discussed previously, this assump-
tion leads to inaccurate results when A approaches the
limits of an idealized inertial range of turbulence. To
remedy this, a scale-dependent dynamic version of the
Lagrangian SGS model is also used in the simulations. For
detailed information on the implementation see Bou-Zeid
et al. [2005].

3. Unstable and Stable Test Cases

[21] The LES model using the Lagrangian scale-depen-
dent dynamic model gives excellent results in neutral
conditions [Bou-Zeid et al., 2005]. Nondimensional velocity
gradients and velocity energy spectra confirm well known
experimental results such as the k> scaling in the inertial
range, a nearly k' in the production range close to the
ground, and normalized mean velocity profiles ®,, =
kzuw 'O(uy)/0z =~ 1 in the neutral surface layer [Parlange
and Brutsaert, 1989]. To study the effects of stability and
the choice of SGS model on the dynamic Smagorinsky
coefficient, four 160° LES with constant surface heat fluxes
are performed using scale-invariant (3 = 1) and scale-
dependent (3 # 1) SGS parameterizations. Table 1 shows
an overview of the simulations. In the unstable simulation,
the surface heat flux is (w6, =0.1 K m s~ and the results
are averaged over the last hour of a four hour simulation. In
the stable simulation, the surface heat flux is (W'0'), = —0.02
K m s~ and the results are averaged over the last two hours
of a twelve hour simulation. The simulations are initialized
with a constant mean temperature profile below 800 m and
an inversion layer of strength 0.01 K m~' above 800 m to
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Figure 1. Profiles of quantitie$»averagéd over 1 hour during LES with (w'6'), = 0.1 K m s~'. Dot-
dashed lines are results_using the scale-invariant version of the dynamic subgrid model; solid lines are
results using the scale-dependentyvérsion. (a) Scale dependence parameterized as ((ci™)*)/((c?*)?) and

(b) Smagorinsky coefficient A,

The Smagorinsky coefficient derived from the scale-invariant

procedure applied to the,velocity field of the scale-dependent dynamic simulation is shown as a thick
line. (c) Total vertical’heat¥flux (Ww'0') + g3, (d) SGS (713 + 733)°" and total resulting horizontal shear
stress [((iW) + Ms) + (VW) + 723)°1°°, (e) resolved velocity variances o°() and o*(W),
and (f) nondimensionalyvelocity gradient ®,, = wkzux'Ouw/dz (thin curves) and nondimensional
temperature ‘gfadient ;' = —kzus/(W0)00/0z (thick curves). For comparison, the empirical surface
layer functions, (equation (22)) are shown as dotted lines.

limit the vertical growth of the boundary layer in unstable
conditions. The geostrophic velocity is (ug, Vo) = (8, 0) m s—h.

3.1.

[22] Vertical profiles for the simulations of unstable
conditions for both models are shown in Figure 1. The
stability parameter L ~ —42 m (A,/L ~ —0.60) indicates
unstable conditions. The height of the capping inversion z;
is often defined as the location of minimum heat flux
(Figure 1c). This occurs at z; ~ 855 m for both simulations.
In general, the results for the scale-invariant and scale-
dependent SGS models are quite similar. In unstable sim-
ulations at high resolution, the SGS do not contain much
energy. Thus the SGS model’s influence on the profiles of
mean quantities, variances, and covariances is limited,
except near the land surface.

[23] In Figure la it can be seen that in stable conditions
and near the surface the Smagorinsky coefficient becomes

Simulations for Unstable Conditions

scale-dependent in the SD simulation. Note that since
averages of B are not meaningful due to occasional large
values when the denominator of equation (12) is very small,
we use the average squared coefficient at 4A divided by the
average squared coefficient at 2A as a measure of scale
dependence. This measure is about 1.2 in the mixed layer
and decreases to 0.3 near the surface indicating that the
scale dependence of ¢, is stronger near the surface, causing
an increase in ¢\ as compared to the DYN simulation
(Figure 1b). In the mixed layer, ¢® ~ 0.16 in the SD
simulation, while ch) ~ 0.11 in the DYN simulation. To
examine how the difference in the velocity fields between
the two simulations influences the value of ¢, the scale-
invariant dynamic model was applied to the velocity field of
the scale-dependent dynamic model (without using the
resulting coefficient in the simulation). Figure 1b indicates
that the Smagorinsky coefficient derived from the scale-
invariant dynamic model is too small, even if derived from
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5| 0.42 <

107k ‘ ‘ ‘ <
107 10™ 10° 10’ 10°

Figure 2. Normalized streamwise velocity powerfspectra
versus kz at different heights for unstable conditions.
Heights z/z; are given in the legend. (a) Standard Lagrangian
dynamic SGS model and (b) scale-dependent Lagrangian
dynamic SGS model.

the SD simulation. Note that the Lagrangian“SGS model
used in this simulation [Bou-Zeid et al., 2005] assumes that
the scale-invariant dynamic model, gives a correct estimate
for ¢, at the test filter scale. For the neutralssimulation, the
self-consistency of this assumption, wasitested by plotting
the results from the scale-invariantimodel as function of z/
2A (height normalized with test(filter Seale) and comparing
with the scale-dependent model'plotted as function of z/A,
and finding good collapse (POR). Tarthe present case with
thermal effects affecting thepseale’ dependence, it is less
obvious how to performisuch an intercomparison. At any
rate, the trends as functionof normalized height are similar
as those in POR.

[24] In the stable region above the capping inversion at
855 m, ¢! decreases and reaches a value of ¢, ~ 0.08 and
¢y ~ 0.05 for the SD and DYN model, respectively. Above
the inversion height, the turbulent stresses and variances are
close to zero. For both SGS models, shear stress (Figure 1d)
and velocity variance (Figure le) profiles are qualitatively
similar to previous results for LES of convective boundary
layers [e.g., Moeng and Sullivan, 1994]. The nondimen-
sional velocity gradient ®,, and temperature gradient ®,, are
shown in Figure 1f. As expected, they follow empirical
functions (equation (21)) in the surface layer (z < 150 m),
although some oscillations near the surface are observed.

[25] While the correct representation of the mean profiles
by the SGS model is important, better information on the
correct representation of turbulent structures can be
obtained from the velocity spectra. For unstable conditions,
but shear-dominated flow (as in the surface layer) one
would expect to see a —1 scaling in the production range
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(large scales) and an inertial subrange with a —5/3 power
law. In buoyancy-dominated flow (e.g., above a height
equal to the Obukhov length) the inertial subrange extends
to smaller wave numbers and the —1 power law in the
production range may not be observed [Stull, 1997]. Figure 2
shows the streamwise velocity spectra for the DYN and SD
simulations. In the near-surface region (z/z; < 0.1) which is
the most challenging for a SGS model, the spectra in the SD
simulation agree very well with the inertial subrange scaling
of k>, while the spectra for the DYN simulations are too
flat. This reflects the underdissipative property of the scale-
invariant dynamic model near the wall already noted in POR.
At greater heights in“the, mixed layer the turbulence spectra
are consistent with the inertial range scaling for both SGS
models. The temperature/spectra in Figure 3 lead to similar
conclusions.

[26] In summary, while both simulations show similar
mean profiles, the”scale-dependent dynamic model repre-
sentssthe energy transfer between resolved and unresolved
turbulence struCtures more accurately as reflected in the
powersspectra. Since the SGS represent a greater amount of
TKE"in, stable atmospheric conditions a more conclusive
test for SGS models will be presented in the next section
using stable simulations.

3.2y Stable Simulations

[27] While the unstable boundary layer grows steadily
into the inversion region, the stable boundary layer is
shallow and largely unaffected by the inversion region.
Therefore, in Figures 4a—4f only the lower half of the
simulation domain is presented. To reach quasi-steady
conditions [Kosovi¢ and Curry, 2000], the simulation with
(W0')y = —0.02 K ms ' was run for a physical duration of
10 hours. Subsequently, averages were calculated over
the following 2 hours. The Obukhov length was L ~ 61 m
(A,/L ~ 0.41) in the DYN simulation and L ~ 45 m (A,/
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Figure 3. Same as Figure 2 for temperature power spectra.
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Figure 4. Profiles of quantities averaged over 2 hours during a LES with (w/§/); = —0.02 K m s~ ". Dot-

dashed lines are results using the scalesinvariant version of the model solld llnes are results using the
scale-dependent version. (a) Scale depeghdence parameterized as (c A2 /{( 2 and (b) Smagorinsky
coefficient ¢,>). (c) Total vertical heat flox (Wo') + g3, (d) SGS (713 + 'r23) and total resulting
horizontal shear stress [((@/W) + Wyg)” + (VW) + 723)°1°, () resolved velocity variances o°(i)
and o*(w), and (f) nondimensional velogity gradient ®,, = kzux ' 01/dz (thin curves) and nondimensional
temperature gradient ®p= —wkzu-/(WH')90/0z (thick curves). For comparison, the empirical surface layer
functions (equation (21)) are shewn as dotted lines.

L ~ 0.56) in the SD simulation, characterizing moderately
stable conditions. Note that overall.the Smagorinsky coef-
ficients in the stableYsimulation were significantly smaller
than in the unstable runs. Heat fluxes (Figure 4c), stresses
(Figure 4d), and variances (Figure 4e) decreased to zero at
z ~ 200 m, indicating the height of the stable boundary
layer. The stable boundary layer height z; was defined as
the location where the shear stresses reach 5% of their
surface value (see Table 1). In contrast to the unstable
simulations, here the mean profiles from the SD and DYN
simulations are markedly different. In stable boundary
layers, the SGS contain a significant amount of the total
turbulence kinetic energy [Beare et al., 2006]. Thus the
quality of the SGS model will have a greater influence on
the overall simulation results.

[28] The most important distinction is that the stable
boundary layer has grown higher in the DYN simulation
than in the SD simulation. This is expected, since the
reduction in turbulence kinetic energy due to the larger
™ in the scale-dependent model leads to a slower growth
of the stable boundary layer. Boundary layer growth has
been identified as a key parameter in a stable LES inter-
comparison study [Beare et al., 2006]. However, even the
profiles normalized by z; do not collapse, indicating a

fundamental difference between the results of the two
simulations.

[29] The velocity variances, stresses, and heat flux were
larger in the DYN simulation, indicating the underdissipa-
tive property of this SGS model. As in the unstable
simulations, the decreased (8 in the SD simulation causes
™ to increase as compared to the DYN simulation
(Figure 4b). However, the Smagorinsky coefficient deter-
mined by applying the scale-invariant SGS model to the
Velomty field in the SD simulation does not agree with the

proﬁle in the DYN simulation. This is mainly due to the
dlfferent boundary layer profiles which developed over the
12 hour simulation period. Despite these differences, the
nondimensional velocity and temperature profiles are sim-
ilar in both simulations, and agree well with empirical
profiles below z ~ 50 m.

[30] Further clues on the representation of turbulence
structures in the simulations are obtained from the stream-
wise velocity spectra in Figure 5 and temperature spectra in
Figure 6. For the stable boundary layer, the —1 power law
for large eddies in the production range may not be
observable due to opposition to turbulent motions by
stability (a &' line is still included for reference). An
inertial subrange with a —5/3 power law is still expected,
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Figure 5. Normalized streamwise velocity power spectra
versus kz at different heights for stable conditions. Heights
z/z; are given in the legend. (a) Standard Lagrangian
dynamic SGS model and (b) scale-dependent Lagrangian
dynamic SGS model.

but the lower wave number end becomesAarger for increas-
ing stability [Stull, 1997]. Similar to the results for unstable
conditions, the spectra for the DYN, simulations are flat,
while those of the SD model are stegper;,in general closer to
the expected k> scaling in the inertial range.

[31] In summary, we conclude thatythe LES with the
Lagrangian scale-dependent dynamic SGS model captures
the main features of stable and unstable boundary layers.
The choice of SGS modeltdoes not influence the mean
profiles in the unstable case/where the scale-dependent and
scale-invariant models predict essentially similar mean
velocity and temperature gradients. However, the velocity
spectra in stable and unstable conditions indicate that the
scale-dependent dynamic model represents the turbulence
structures more faithfully.

4. Smagorinsky Coefficient as a Function
of A/L in a Diurnal Cycle of the ABL and
Comparison to HATS

[32] Here our goal is to compare the Smagorinsky coef-
ficients obtained from the dynamic and scale-dependent
dynamic models during the simulation of a diurnal cycle
to HATS measurements. The HATS data set includes data
from a wide range of stability conditions (1 < A,/L < 10,
KMPO03). The LES data set is based on the simulation
presented in detail by Kumar et al. [2005], where it is
suggested that under very stable conditions (typically
A, > L), LES based on the Smagorinsky eddy viscosity
parameterizations display instabilities, although the scale-
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dependent dynamic model returns realistic coefficient val-
ues. For the purposes of the present paper, however, simu-
lations are carried out in stability regimes under which the
simulations do not display these instabilities. The simulation
still created an evolution of stability conditions qualitatively
and quantitatively similar to the experiment, except that the
extremely stable conditions are not matched. The most stable
conditions in our simulation were L ~ 6.9 m, A,/L ~ 3.6, and
z/L ~ 1.8 at the first grid point.

[33] A plot of the evolution of Y from the simulation
with B # 1 as a funetion of time and height is shown in
Figure 7a. The evolutionyef the Smagorinsky coefficient
obtained by applyingithe sgale-invariant procedure to the
velocity field of the scale-dependent simulation is presented
in Figure 7b.

[34] As observed in the experiment, the coefficient
decreases near the wall and in stable stratification. Since
the coefficient isidefived from a mixing length assumption it
canbe interpreted as the ratio of an SGS turbulence length
scale to the filter scale. In these conditions the observed
decrease in ¢, could thus be interpreted as a decrease of the
eddy sizes of the SGS turbulence when shear, wall blocking,
or stratification are large.

[35] The coefficient decreases after sunset (1730h) and
remains very small during stable conditions at night. Con-
versely, ™ increases in unstable daytime conditions.
Above the daytime boundary 1aXer, the stable capping
inversion produces a smaller ¢{. During the evening
transition, large & persist at mid-ABL heights (~500 m)
until 2200h. During the morning transition, the first strong
increase in ¢ occurs near the surface at 0710h, ~30 min
after sunrise (0640h). With the rapidly increasing ABL
height, ¢ also quickly increases at greater heights. Com-
paring to the coefficient obtained from the scale-invariant
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Figure 6. Same as Figure 5 for temperature power spectra.

8 of 12

538
539
540
541
542

568
569
570
571



W06D10

height [m]

KLEISSL ET AL.: LES STUDY OF DYNAMIC SGS MODELS

W06D10

height [m]

18 21 24 3

time [h]

Figure 7. Daily evolution of (¢,*)?(z) averaged over x and . (a) Scale-dependent dynamic SGS model
and (b) scale-invariant dynamic SGS model applied. to the velocity field of the simulation with the scale-

dependent dynamic model.

dynamic procedure, (Figure 7b) it is observed that“the
scale-dependent AW s always significantly larger than the
scale-invariant ¢!, The ratio of the scale-dependentiand scale-
invariant ¢ (not shown) is largest near the top of thejstable
boundary layer with a value of ~2, and imydaytimesmear the
surface and in the entrainment layer with a wvalue of ~1.5.
While ¢ during the morning transition #§'similarly predicted
by the two SGS models, the evening transition from large B
to small ¢ is prolonged when using thegsCale-dependent
formulation. Larger Smagorinsky coefficients in the nocturnal
boundary layer will result in slowegboundary layer growth, as
observed in section 3.2.

[36] Next, the LES results are,compared to the HATS data
fit (equation (14)) in Figure 8. While the LES predictions by
both SGS models captifepthe. decrease of ¢ in stable
conditions during HATS gualitatively, ¢ from the scale-
invariant model is too small. The Smagorinsky coefficient
computed from the scale-dépendent procedure is closer to
the value from the empirical fit. In unstable conditions, A&
continues to increase with increasingly unstable atmospheric
conditions for both models, while the empirical formula is
constant for L < 0.

[37] The other important observation from Figure 8 is a
delay in the response of the Smagorinsky coefficient to
changing surface conditions at greater heights (smaller A /z).
In Figure 8a, A,/L collapses the data for z = 6.3 m (A,/z=4)
reasonably well. At greater heights, however, two signifi-
cantly different values are obtained for ¢ depending on
whether it is the morning or evening transition (hysteretic
behavior observed in Figures 8b and 8c). This behavior is
physically expected due to the following considerations: In
the early morning the instability increases rapidly with time.
Since it takes some time for the turbulence at a greater
height to adjust to the new conditions at the surface, the
stability conditions at greater heights are less unstable than
those close to the surface. This difference is extreme at a

Ah/z=4 |

Ah/2=0.25 ]

g0 00 e
) '.;..' : ’...4

Ah/ L

Figure 8. (a—c) Parameter ¢™ as a function of A,/L for
three heights in the diurnal simulation. The circle with the
clockwise arrow in Figure 8c indicates the sense of the time
sequence. Large dots depict the Smagorinsky coefficient
from the scale-dependent dynamic model. Small dots depict
the Smagorinsky coefficient from the scale-invariant
dynamic model.
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Figure 9. Smagorinsky coefficient ¢{* for different stabilify conditions from HATS and from LES.
(a) Ay/L ~ —1, (b) A)/L ~ 0, (¢) Aj/L ~ 1, and (d)"Ay/L ~ 4. Dot-dashed and dotted lines are scale-
invariant dynamic SGS model; solid and dashed lines are scale-dependent dynamic SGS model. Because
of hysteretic behavior that is observed in the near-neutral stability, in Figures 9a, 9b, and 9c, two curves

for each simulation are plotted.

height that is still outside of the turbulent,boundary dayer
and thus dynamically disconnected from thejunstable re-
gime near the surface. Conversely, in the evening the
stability conditions become slowly less unstable (decaying
turbulence), and thus the turbulence has mete time to adjust
to changing surface conditions. It is expected that a change
in surface conditions needs sevetal large’eddy turnover
times (~100 m/usx ~ 400 s) to affeet ‘the entire surface
layer. The observed hysteretic behavior is examined in more
detail by Kumar et al. [2005], Who conclude that local
scaling is successful ‘inmdescribing the behavior of the
coefficient.

[38] In Figure 9 the pwédictions for the Smagorinsky
coefficient from the simulations are compared to the mea-
sured coefficients from HATS described by KMPO03
(c{>mP)) and the predicted dynamic coefficients from
HATS of KPMO04 (A Asd-dymy Iy experiment and
simulation, the scale-dependent coefficient is always larger
than the scale-invariant. In general, the scale-dependent
coefficients from the simulation match the experimentally
determined values ¢®*™. In addition, the data from HATS
and from LES agree well for the scale-invariant case
({&9™) although, as noted before, the values fall signif-
icantly below the measured coefficient ¢{*™P,

[39] The hysteretic behavior of the coefficient in Figure
8 has to be taken into account when plotting the results.
Consequently in Figure 9 for A;/L ~ —1 in Figure 9a, A,/L
~ 0 in Figure 9b, and A,/L ~ 1 in Figure 9c, two data sets
are plotted for each of the simulations: The larger values are
recorded during the evening transition. The smaller values
occur during the morning transition, when as outlined
earlier, A;/L is not an appropriate scaling parameter.

[40] In the simulation, ¢®) is larger in unstable conditions
(Figure 9a) than in neutral conditions (Figure 9b), in
contrast to HATS results. The Smagorinsky coefficient in
the simulation is smaller than in HATS for neutral con-
ditions, but experiment and simulation agree very well in
unstable conditions. During the evening transition in mod-
erately stable conditions, the scale-dependent coefficient
converges to ¢, ~ 0.08, while the scale-invariant coefficient
approaches ¢, ~ 0.05 for z/A;, > 2.5. Field experiment and
simulation results agree well qualitatively, but the scale-
dependent coefficients from LES are smaller than the HATS
measurements for the moderately stable conditions. In the
most stable conditions in the simulation (Figure 9d, A,/L ~ 4),
LES predictions of ¢ match the a priori results from HATS
when the scale-dependent dynamic model is used.

5. Conclusions

[41] High resolution large-eddy simulations of unstable
and stable atmospheric boundary layers (ABL) with con-
stant surface heat fluxes were conducted using the Lagrang-
ian scale-dependent dynamic SGS model [Bou-Zeid et al.,
2005] and the Lagrangian scale-invariant dynamic SGS
model [Meneveau et al., 1996]. In unstable conditions, the
vertical profiles of mean quantities and fluxes are predicted
equally well by both approaches. In stable conditions, there
are significant differences in the profiles. The scale-invari-
ant dynamic procedure is underdissipative which leads to
larger velocity variances and fluxes in the nocturnal bound-
ary layer. In addition, a faster growth of the nocturnal
boundary layer is observed for the LES with the scale-
invariant dynamic model.
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[42] The advantages of the scale-dependent dynamic
procedure become especially evident in the velocity spectra,
which follow the expected scalings in the inertial range
correctly. The spectra in the scale-invariant dynamic simu-
lation are flat, indicating an unnatural buildup of turbulent
kinetic energy at the small scales. Obtaining correct velocity
and temperature spectra in a simulation is of paramount
practical importance, since the energy distribution of turbu-
lence structures greatly affects all transport processes,
including those of nonhomogeneous processes such as
evapotranspiration over heterogeneous surfaces.

[43] By analyzing the Smagorinsky coefficients obtained
during the simulations of a diurnal cycle, we conclude that
the Lagrangian dynamic SGS models in LES of ABL flow
of varying stability are able to predict trends of the Smagor-
insky coefficient A that agree well with the coefficient
measured a priori in the HATS experiment (KMPO3,
KPMO04). ¢ decreases both in the near-wall region and
in stable conditions. The scale invariant dynamic Erocedure
underpredicts the field experimental value of ¢{**™, but
closely matches the scale-invariant coefficients obtained in
the field study ¢/®%™. The Smagorinsky coefficient pre-
dicted from the scale-dependent dynamic model is similar to
&) However, for neutral and moderately stable cons
ditions ¢ is larger and increases faster with z/A, in the
field measurements than in LES.

[44] The scale-dependent dynamic procedure is sueeess-
ful in automatically reducing ™ in stable conditions, stich
as in the stable region above the inversion layer, and in the
nocturnal boundary layer. Moreover, the agreement between
LES and field experimental study suppotts the,applicability
of a priori studies to gain insights into development and
testing of SGS parameterizations for LESiEinally, the
detailed analysis of the diurnal cyclé simulation of the
ABL of Kumar et al. [2005] provides, further illustration
of the strengths of the dynamic medel“in"LES to study
complex time-dependent problems in hydrology and land-
atmosphere interaction.
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