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ABSTRACT
The buoyancy-adjusted stretched-vortex subgrid-scale (SGS) model is assessed for a number of large-eddy
simulations (LESs) corresponding to diverse atmospheric boundary layer conditions. The cases considered
are free convection, a moderately stable boundary layer [first Global Energy and Water Exchanges
(GEWEX) Atmospheric Boundary Layer Study (GABLS)] case, shallow cumulus [Barbados Oceanographic
and Meteorological Experiment (BOMEX)], shallow precipitating cumulus [Rain in Cumulus over the Ocean
(RICO)] and nocturnal stratocumulus [Second Dynamics and Chemistry of the Marine Stratocumulus
(DYCOMS-II) field study RF01]. An identical LES setup, including advection discretization and SGS model
parameters, is used for all cases, which is a stringent test on the ability of LES to accurately capture diverse
conditions without any flow-adjustable parameters. The LES predictions agree well with observations and
previously reported model results. A grid-resolution convergence study is carried out, and for all cases the
mean profiles exhibit good grid-resolution independence, even for resolutions that are typically considered
coarse. Second-order statistics, for example, variances, converge at finer resolutions compared to domain
means. The simulations show that 90% of the turbulent kinetic energy (at each level) must be resolved to
obtain sufficiently converged mean profiles. This empirical convergence criterion can be used as a guide in
designing future LES runs.

1. Introduction
Prediction is a principal aspect of the atmospheric
sciences and is traditionally interweaved with weather
forecasting (Richardson 1922), but later is also associated with climate projections (Phillips 1956; Smagorinsky
1963). A key element in accurate projections is the understanding of the relevant physical processes. This twopart paper aims to advance the modeling of turbulence,
which is one of the most consequential physical processes in geophysics. Specifically, the central theme is
the modeling of turbulence within the context of largeeddy simulation (LES). The main focus of the investigation
concerns the atmospheric boundary layer, since atmospheric turbulence is most prominent in this lowermost
layer of the atmosphere.
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The value and necessity of the LES modeling technique is a consequence of the large range, O(108), of sizes
of motions in the atmosphere compared to the current
computational capabilities, O(103). A viable modeling
paradigm is to employ the Russian doll approach, where
the entire range of scales is divided into subsets that are
tractable by appropriate techniques, which often rely on
information from a finer-scale model or parameterization. Within this context, LES is used in the development
and evaluation of weather or climate model parameterizations by resolving quantities that are heavily dependent
on small-scale statistics, such as entrainment rates (e.g.,
Tiedtke 1989; Neggers et al. 2009). In turn, LES relies on
closures or subgrid-scale (SGS) turbulence models for the
unresolved motions.
Here, we provide extensive evaluation and assessment
of such an SGS model, the buoyancy-adjusted stretchedvortex model (BASVM), that was presented in Chung
and Matheou (2014, hereafter Part I). BASVM employs
flow physics ideas in the form of vortical structures,
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extensively utilizes the current knowledge of stratified
turbulence, and takes into account the anisotropic
character of the unresolved (subgrid) motions. Keeping
up with the Russian doll approach, BASVM development
is informed by a series of direct numerical simulations
(DNS) of homogeneous stratified shear turbulence (Chung
and Matheou 2012).
The overarching goal is to advance the state-of-the-art
LES modeling of atmospheric boundary layers by considering contributions in two areas. First, we aim to capture diverse atmospheric conditions using an identical
model setup, that is, without using any flow-adjustable
parameters of the SGS model. Second, we aim to demonstrate grid convergence of low-order statistics, for example, horizontal means and second-order moments, and
suggest an empirical grid convergence criterion suitable
for LES.
The present investigation has strong links with the
study of Matheou et al. (2011), where the impact of numerical discretization and grid spacing on model prediction is discussed, and Matheou et al. (2010), where grid
convergence and convergence criteria in LES using the
stretched-vortex model are presented.
The focus of the simulations is on the representation of
turbulence in the LES, thus complex interactions and
feedbacks with other processes are excluded. The present
LES runs include the physics of density stratification,
moist physics that include latent heat exchange due to
condensation or evaporation, warm-rain microphysics for
convective clouds, and simplified radiation for long-lived
stratiform clouds.
The paper is organized as follows: The problem of grid
convergence and a convergence criterion are discussed
in section 2. The details of the LES implementation including specific details pertaining to the SGS models are
presented in section 3 followed by the simulation results
in section 4. A brief synthesis of the results is presented
in section 5. Finally, the conclusions are presented in
section 6.

2. Grid convergence for LES
A central question in LES, but also in numerical
modeling in general, is how the predicted statistics depend on the grid resolution. Several previous investigations have explored the impact of grid resolution,
numerical discretization, and SGS model (e.g., Mason
and Thomson 1992; Vreman et al. 1996; Brown 1999;
Stevens et al. 1999, 2002; Chow and Moin 2003; Pope
2004; Cullen and Brown 2009; Matheou et al. 2011;
Sullivan and Patton 2011). The coveted result in these
investigations is an LES framework where predictions
(i.e., mean wind and thermodynamic–variable profiles
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and turbulent fluxes given initial and boundary conditions
and large-scale forcing) are insensitive to the aforementioned simulation aspects. Simply, results should depend
only on physical (e.g., atmospheric stability) and not numerical parameters (e.g., grid resolution). Before these
aspects are explored, a convergence criterion is discussed,
since, in practice, the quality of the LES prediction should
be assessed without performing computationally expensive runs with varying grid resolution.
Grid convergence is a general term that must be
qualified by the type of flow statistic that exhibits convergence. Moreover, convergence in one statistic does
not imply convergence of another (Brown 1999). It is
expected that convergence will be achieved at coarser
resolutions for lower-order statistics (mean profiles)
than for higher-order statistics (turbulent fluxes, triple
correlations, etc.). The present discussion concerns only
very high Reynolds number flows, such as those encountered in the atmosphere, consequently inferences from
DNS results (e.g., Meyers et al. 2003) are not directly
applicable.
Before we consider a convergence criterion, we briefly
discuss what convergence should not depend on. For
instance, it is quite straightforward to say that the grid
size should be 100 times larger than the smallest flow
scale. However, such a criterion is unpractical because
it violates the predetermined design of LES, that is,
a simulation without the smallest flow scales. Convergence (e.g., of turbulent fluxes that determine the mean
profiles) should depend on the characteristics of turbulence, and turbulence depends on the large-scale parameters rather than molecular dissipation [see Frisch
(1995, p. 67) for further discussion and references].
An empirical criterion for the quality of an LES is that
a large fraction of the flow turbulent kinetic energy must
be resolved (e.g., Pope 2000, p. 578), typically 80%. In
Matheou et al. (2010), it is put forward that grid convergence of mean-flow quantities in a neutrally stratified
flow using the stretched-vortex SGS model is attained
when at least 80% of the turbulent kinetic energy is
resolved. The LES results, which were validated using
measurements from experiments, also imply good convergence properties of the higher-order moments since
probability density functions of a passive tracer exhibit
good collapse. As noted in Matheou et al. (2010), the
kinetic energy ratio criterion is linked to the resolution
of characteristic flow features. For instance, if convection is organized with a length scale l, then the LES must
resolve this length scale, the meaning of which is made
more concrete by the following estimate based on turbulent kinetic energy (TKE). Consider an estimate for
the resolved TKE fraction using the Kolmogorov energy
spectrum:
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^ is the SGS model cutoff scale. For a resolved
where D
^ # l/12, and for a resolved TKE
TKE fraction of 80%, D
^
fraction of 90%, D # l/32. Our experience in running
LESs of cases presented in this paper shows that, typically, 90% of the turbulent kinetic energy must be resolved, or, equivalently, the grid spacing must obey
^ , l/32 before the prediction of the mean can be
Dx 5 D
considered reliable. Accordingly, a prerequisite for convergence is the adequate resolution of all dynamically
important scales. For instance, near the surface, the size
of the energetic motions (;z) becomes comparable to the
grid size. Therefore, the ratio of kinetic energy is not
expected to accurately capture the resolution adequacy of
the LES in this case.
The dynamics of stable density stratification can also
result in small length scales in the vertical direction, that
is, smaller l. The resolution requirement becomes more
stringent in this regime if one were to ‘‘resolve’’ the
turbulent eddies in the sense used above. This is the
approach taken for the nocturnal stratocumulus [Second
Dynamics and Chemistry of the Marine Stratocumulus
(DYCOMS-II) field study RF01] case, in which the
sharp density interface characterized by small turbulent
eddies is resolved (resolved TKE fraction of 90% when
^ # 5 m). This is indeed a stringent requirement, and
D
one would ideally like to run LES of such a flow with this
requirement relaxed. Two ingredients for such an intentionally underresolved LES are required: first, an
SGS model that can account for an energy peak that is
comparable with the cutoff scale (Part I, their Fig. 4),
akin to the Reynolds-averaged modeling approach; and
second, a numerical method that conserves energy or
variances and at the same time handles sharp density
interfaces gracefully. This underresolved LES regime is
not probed presently.
The kinetic energy criterion has two important advantages compared to previous propositions: it is flow
configuration and SGS model independent. For instance,
the criterion of Sullivan and Patton (2011) includes a flow
length scale and a model constant, while Stevens et al.
(2002) refer to (dimensional) grid spacings for a specific
flow. Note also that the kinetic energy criterion that is
used in the present study is nondimensional.
In the variable grid resolution simulations of this study,
^ equal to the
we set the LES filter width, or cutoff scale D,
grid size Dx. In general, these two parameters can be
varied independently, and their ratio has been shown to
affect the numerical solution through the interaction

between numerical errors and SGS model (Ghosal 1996;
Chow and Moin 2003). In the grid resolution study of
Part I, it is shown that results remain unchanged when
^ is constant and Dx is varied (D/Dx
^
D
5 1–4). Although
a fourth-order finite-difference discretization is used
here instead of the spectral method in Part I, the high
^ 5 Dx
quality of the discretization ensures that setting D
does not negatively affect the resolution study. Finitedifference approximations are more suitable for domains
that are not triply periodic, such as the one used presently,
compared to spectral approximations. The fourth-order
approximation was found to perform better than secondorder three-point stencil approximations (e.g., Morinishi
et al. 1998).

3. Large-eddy simulation implementation
To a large part, the LES computer code used in the
present simulations is new, yet, as is often the case, it has
evolved from previous LES implementations. The current LES implementation is a descendent of the University of California, Los Angeles, Large-Eddy Simulation
(UCLALES) code (Stevens et al. 1999, 2005a; Stevens
and Seifert 2008) and, in particular, the variant used in
Matheou et al. (2011). The most important changes pertaining to the flow physics are the addition of a high-order
advection discretization and the stretched-vortex SGS
model.
The LES code numerically integrates the filtered (density weighted) anelastic approximation of the Navier–
Stokes equations (Batchelor 1953; Ogura and Phillips
1962). The conservation equations for mass, momentum,
liquid water potential temperature, total water, and additional microphysical quantities are solved in a doubly periodic domain in the horizontal directions, utilizing the
f-plane approximation, with impermeable top and bottom
boundaries. The complete system of governing equations
is documented in appendix A. A sponge region is utilized
near the top of the domain to minimize undesirable gravity
wave reflection. The flow fields are discretized on an
Arakawa C grid (Arakawa and Lamb 1977). The fourthorder fully conservative scheme of Morinishi et al. (1998)
is used to approximate spatial derivatives except those
related with the SGS terms where second-order centered
differences are used. An exact Poisson solver using discrete Fourier transforms in the horizontal directions is
used to compute the pressure and satisfy the anelastic
constraint (Schumann 1985). The semidiscrete system of
equations is advanced in time using the third-order
Runge–Kutta method of Spalart et al. (1991). In the cases where the process of precipitation is included, the
double-moment bulk microphysical parameterization of
Seifert and Beheng (2001) is used (Stevens and Seifert
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2008). To preserve conservation of water, a secondorder monotonized central (MC) flux-limited scheme
(Van Leer 1977) that ensures monotonicity is used to
advect rain mass and raindrop number. For all other
prognostic variables advection is nondissipative; thus,
any dissipation arises purely from the subgrid-scale
closure (see also section 5b).
In the present simulations, two turbulence closures
are used: the BASVM subgrid-scale model (Misra and
Pullin 1997; Voelkl et al. 2000; Pullin 2000; Part I) and
the constant coefficient Smagorinsky (1963)–Lilly (1962)
model. The focus of this study is the results using BASVM,
but two cases are repeated using the Smagorinsky model
such that the effect of the SGS model can be discerned.
The constant coefficient Smagorinsky model is chosen
because it has been widely used in LES of the boundary
layer and of its very simple formulation, such that the rather
complex BASVM can be compared with a simpler SGS
model. Recent modifications to Smagorinsky–TKE-type
SGS models (specific references are cited in the simulations
section for individual flow configurations) are expected to
perform better. Moreover, results from model intercomparisons that are compared with BASVM in the following sections include LES implementations with the
Smagorinsky SGS.
No modifications are required in order to use BASVM
in the LES of the atmospheric boundary layer. The generic buoyancy variable b that was used in Part I is identified with the normalized virtual potential temperature
(guy/u0) here (see appendix A for further details).
In general, BASVM allows for backscatter (the local-intime-and-space transfer of kinetic energy from the unresolved to the resolved scales) (e.g., Mason and Thomson
1992). However, for a vortex alignment with the most
extensional eigenvector of the resolved rate-of-strain
tensor S~ij , which is used in the present simulations (see
Part I for details) in combination with the anelastic approximation of the equations of motion, it is expected that
backscatter events are rare. The SGS dissipation is
sgs 5 2t ij S~ij ,

(2)

where t ij is the SGS tensor. Substituting the expression
of the BASVM stress tensor,
sgs 5 2S~ii Ks 1 l3 ei ei Ks ,

(3)

where Ks is the SGS turbulent kinetic energy, ei are the
components of the unit vector aligned with the most extensional eigenvector of S~ij and l3 $ 0 the corresponding
eigenvalue. (In the anelastic approximation the trace
S~ii 6¼ 0.) Thus, the second term on the rhs is always positive. Because S~ii depends on the vertical gradient of
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density, it is expected that the first term would be almost
always smaller than the second, which implies positive
dissipation, that is, transfer of kinetic energy to the
smaller scales.
The Smagorinsky model is discretized using the ‘‘SMC’’
implementation of Matheou et al. (2011), where the approximations of the components of the rate-of-strain
tensor are computed at the grid cell centers. The model
constant is set to CS 5 0.23, and the turbulent Prandtl
number is Prt 5 0.33. A similar discretization is employed
for BASVM, which results in multiple evaluations of the
resolved rate-of-strain tensor and its eigenvectors at four
locations per grid cell instead of the single evaluation used
in a collocated variable arrangement.
For the Smagorinsky model, a damping function is
used near the surface to reduce the magnitude of the
turbulent diffusivity by modifying the characteristic
resolved-scale length scale (Mason and Thomson 1992).
^ is
For BASVM no modification of the cutoff scale D
required near the surface. For the cases that the surface
fluxes are computed using the Monin–Obukhov (MO)
similarity theory, the method of Pantano et al. (2008) is
used to apply the boundary conditions for momentum,
total water mixing ratio, and potential temperature on
the surface. The Monin–Obukhov functions are used to
calculate the shear stresses [instead of the logarithmic
law of the wall in Pantano et al. (2008)], and the linear
extrapolation [Pantano et al. 2008, their Eq. (41)] is used
for the liquid water potential temperature and total
water mixing ratio for the computation of the SGS fluxes
near the surface.
For both SGS models, the subgrid condensation
scheme is ‘‘all or nothing’’ (i.e., no partially saturated air
in the grid cells) (e.g., Cuijpers and Duynkerke 1993).
The thermodynamic state at the cell center is used to
classify each grid cell as saturated or not and determine
the corresponding thermodynamic coefficients for all
variables, including those residing at the cell’s vertices.

4. Simulations
The main purpose of the simulations is to validate the
new SGS model, assess its performance for a series of
configurations of practical interest, demonstrate that the
current LES implementation can successfully predict
diverse conditions without any parameter tuning, and
show that the results are independent of grid resolution.
Accordingly, the setup of the LES remains the same for
all simulations. We use an advection scheme for momentum and scalars that has no dissipation, even for
cases with sharp inversions, such as stratocumulus-topped
boundary layers. This may not be an optimal setup for
some cases, and we do not suggest that this setup is
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TABLE 1. Summary of the cases simulated. The references correspond to the case specification where details pertaining to LES setup
and results from several models can be found. The grid spacing is uniform in all cases, Dx 5 Dy 5 Dz, Lx,y,z is the domain length, and N is
the number of grid points.
Reference

Dx (m)

Lx (km)

Ly (km)

Lz (km)

Nx

Ny

Nz

Free convection

Matheou et al. (2011)*

Stable

Beare et al. (2006)

Shallow cumulus
(nonprecipitating)

Siebesma et al. (2003)

Precipitating shallow
cumulus

vanZanten et al. (2011)

Stratocumulus

Stevens et al. (2005a)**

80
40
20
10
16
8
4
2
80
40
20
80
40
20
10
5
2.5

10.24
10.24
10.24
10.24
1.024
1.024
1.024
1.024
20.48
20.48
20.48
20.48
20.48
20.48
5.12
5.12
5.12

10.24
10.24
10.24
10.24
1.024
1.024
1.024
1.024
20.48
20.48
20.48
20.48
20.48
20.48
5.12
5.12
5.12

4
4
4
4
0.4
0.4
0.4
0.4
3
3
3
4
4
4
1.5
1.5
1.5

128
256
512
1024
64
128
256
512
256
512
1024
256
512
1024
512
1024
2048

128
256
512
1024
64
128
256
512
256
512
1024
256
512
1024
512
1024
2048

50
100
200
400
25
50
100
200
38
75
150
50
100
200
150
300
600

Case

* Further results with the Smagorinsky–Lilly SGS model can be found in the corresponding reference.
** The simulations deviate from the case specification; the surface fluxes were calculated using Monin–Obukhov similarity theory instead
of specifying constant heat fluxes.

followed by other investigators for all cases. All dissipation in the LES originates from the SGS model,
therefore we view the present simulations as a particularly difficult test of the SGS model (see also section 5b).
All simulations, but the free convection case, are
based on model intercomparisons of the Global Water
and Energy Experiment (GEWEX) Cloud System
Studies (GCSS) project. The only case that partially deviates from the GCSS setup is the stratocumulus boundary layer where surface fluxes are calculated using the
Monin–Obukhov theory rather than using the prescribed
values. Table 1 summarizes the simulations.
The simulation domains are larger than the corresponding intercomparison setups in order to achieve
more representative statistics. Moreover, all grids used
here are uniform with equal spacing in all directions,
Dx 5 Dy 5 Dz. Most previous LES studies have used
anisotropic grids with Dz , Dx to better resolve thin
inversion layers. However, the primary difficulty in
strongly stably stratified flows is the anisotropy of motions; thus, countering flow anisotropy with grid anisotropy is not a viable solution for LES. As shown by Waite
(2011), high grid anisotropy can suppress overturning
motions and lead to spurious results. The SGS model
^ 5 Dx.
cutoff scale is set equal to the grid length D
In all cases, when turbulence statistics are reported
(e.g., the turbulent kinetic energy, velocity variances
hwwi), they include subgrid-scale contribution. The angle brackets denote horizontal averages or (for time
periods when the flow is stationary) a horizontal and

time average. For clarity, the angle brackets are omitted
for all mean fields, and the primes denoting fluctuations
from the mean are omitted from the turbulent fluxes.
The simulations are presented in order of increasing
complexity and difficulty, beginning with single-phase
flows, followed by cloudy convective cases, and finally
with a stratocumulus-topped boundary layer. For all
cases, the current LES results are plotted against the
observations and/or results from previous model runs,
and in two cases, are compared with theoretical relations.

a. Free convection
Free convection over a uniformly heated surface,
topped by a layer of uniformly stratified fluid, with zeromean flow is a fundamental configuration of the atmospheric boundary layer and has been widely studied
using LES (e.g., Moeng and Wyngaard 1988; Ebert et al.
1989; Schmidt and Schumann 1989; Nieuwstadt et al.
1993; Khanna and Brasseur 1998). In this first and simplest case, we consider only a dry atmosphere, where
conditions are such that water always remains in the gas
phase. Dry convection is often used to evaluate different
aspects of the LES technique, including grid convergence
of various flow statistics (Mason and Brown 1999; Brown
et al. 2000; Sullivan and Patton 2011). Accordingly, the
current simulations aim to assess BASVM on an unstably
stratified flow and provide a reference for comparison
with the more complex runs that follow.
In LES of buoyancy-driven flows using the standard
stretched-vortex model (i.e., without the buoyancy
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FIG. 1. Convergence of the vertical profiles and comparison with observations for the free convection case with the stretched-vortex SGS
model: (left to right) potential temperature u, normalized vertical velocity variance w2 w22
* , normalized turbulent kinetic energy
21
0:5u0i u0i w22
,
and
normalized
vertical
flux
of
potential
temperature
wu(w
u
)
.
The
mean
u
profiles
are horizontal averages at t 5 8 h,
* *
*
whereas the fluxes and turbulent kinetic energy profiles are horizontal time averages in t 5 6–8 h. Circles correspond to the observations reported
in Lenschow et al. (1980).

adjustment), Chung and Pullin (2010) showed good
agreement with direct numerical simulation results.
BASVM for unstably stratified flows accounts for the
additional SGS turbulence buoyancy production, whereas
this term is neglected in the standard SGS model.
The setup of the simulations is the same as in Matheou
et al. (2011). The domain size is (10.24)2 3 4 km3. The
initial potential temperature lapse rate is 2 K km21, with
u(z 5 0) 5 297 K. The initial total water mixing ratio
lapse rate is 20.37 3 1023 km21 up to z 5 1350 m and
20.94 3 1023 km21 higher up with q(z 5 0) 5 5 3 1023.
The temperature and total water surface fluxes are
0.06 K m s21 and 2.5 3 1025 kg kg21 m s21, respectively.
Four simulations at resolutions Dx 5 10, 20, 40, and 80 m
are performed.
Figure 1 shows a comparison of the current results with
the measurements reported in Lenschow et al. (1980) and
the convergence of LES profiles for potential temperature, vertical velocity variance, TKE, and the vertical flux
of temperature. The agreement of the LES with observations is overall good, with all resolutions located within
the scatter of the observations. Moreover, turbulence
statistics agree well with previous LES (e.g., Schmidt and
Schumann 1989; Sullivan and Patton 2011) (not shown in
Fig. 1). Results using the Smagorinsky SGS model for an
identical flow configuration are reported in Matheou
et al. (2011). The most notable difference between the
current and previous LES results is that the maxima of
the vertical velocity variance hwwi and (consequently)
TKE are somewhat larger in the current LES.
Overall, grid convergence is achieved, but, as expected,
not vall quantities converge at the same rate. The mean
potential temperature is virtually unchanged when the

resolution varies by a factor of 8, whereas the peak of the
vertical velocity variance drifts. For all cases the inversion height zi, defined as the minimum of the buoyancy flux, is the same; thus, the normalization of height
in Fig. 1 is inconsequential.
Figure 2 shows the behavior of the temperature profiles near the surface. In the purely convective case (no
mean shear), the virtual potential temperature should
scale according to
dhuy i/dz 5 2Chwuy i2/3 (g/u0 )21/3 z24/3

(4)

FIG. 2. Ratio of dhuyi/dz to 2hwuyi2/3(g/u0)21/3z24/3 near the
surface for the free convection case with the stretched-vortex SGS
model. The height z is normalized by the convection length scale
z*. The curves correspond to averages in t 5 8–9 h.
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b. Stable boundary layer

FIG. 3. Ratio of subgrid-scale turbulent kinetic energy to the total
for the free convection case with the stretched-vortex SGS model.
The profiles correspond to a horizontal time average in t 5 6–8 h.

in the surface layer, where C is a constant (Lumley and
Panofsky 1964, p. 109). The ratio of the uy gradient to the
rhs without the constant is plotted in Fig. 2 with respect Ðto height normalized by the convection length
z* [ hwuy i dz/hwuy i(z50) —an outer turbulence scale [e.g.,
Mellado 2012, their Eq. (3.5)]. The first grid point of the
highest-resolution run is at z1 [ z[hwuyi(z50)/(Pr/n)3]1/4 ’
8000 wall units, which implies very coarse resolution of
the surface layer. The derivatives of temperature and
temperature turbulent flux exhibit oscillations near
the surface that often occur in LES; see results from
various LES models and discussion in Brasseur and Wei
(2010). The magnitude of oscillations is comparable to
previous results with the stretched-vortex model using
similar wall functions (Pantano et al. 2008). The temperature gradient profiles show good agreement with
respect to grid resolution; however, for the region that is
resolved, the constant C somewhat varies with height
within the surface layer.
The question of what is an adequate grid resolution for
the flow is contingent on the quantity of interest. For
instance, the boundary layer depths are the same for all
resolutions (not shown in Fig. 1), whereas TKE converges
for Dx , 20 m. The boundary layer is poorly resolved in
the coarse-resolution run with zi/Dx ’ 20 at t 5 8 h. The
ratio of SGS to total TKE is shown in Fig. 3. Except the
coarse-resolution run, the fraction of the SGS TKE is less
than 10%. As expected, the peaks of the TKE ratio for
the high-resolution cases show that the flow is less resolved near the surface and in the interfacial layer at the
top of the boundary layer.

Most of the buoyancy adjustment development of the
stretched-vortex model pertains to the stably stratified
case and the second flow considered here aims to assess
the stably stratified branch of BASVM. We follow the
setup of Kosovic and Curry (2000) and Beare et al. (2006)
that corresponds to a weakly stable arctic boundary layer,
where the term weakly stable refers to conditions that can
sustain turbulence without the creation of intermittent
laminar–turbulent layers. The flow becomes nearly stationary after 8 h with a boundary layer depth that is about
double the Obukhov length L based on the surface fluxes.
As shown in Fig. 4, the combination of surface shear and
cooling and planetary rotation results in a fairly complex
mean flow.
The accurate simulation of this flow has been challenging, as demonstrated by the differences between
various LES models and the lack of grid convergence in
the intercomparison study (Beare et al. 2006), with some
more recent results showing improved grid convergence
characteristics (Stoll and Porté-Agel 2008; Huang and
Bou-Zeid 2013). Previous studies have used grid resolutions in the range of 1–12 m, with Dx ’ 4 m the most
common grid size. Here, we carry out four simulations at
Dx 5 2, 4, 8, and 16 m with the stretched-vortex model
and a second set of runs with the Smagorinsky model for
comparison. The current domain size is about twice as
large in the horizontal directions than in the intercomparison study, but about the same size as in the later
studies.
Figure 4 shows a comparison of the BASVM profiles
with the LES results reported in Beare et al. (2006).
Only 2-m results from Beare et al. (2006) are shown. The
current results are well within the spread of the intercomparison and agree with the model mean.
The BASVM mean profiles of wind and potential
temperature are in good agreement for Dx # 8 m. The
grid with Dx 5 16 m predicts a somewhat higher
boundary layer depth, but overall follows closely the
profiles of the finer grids. The discrepancy is within 2Dx
and can be considered small compared to the resolution.
Moreover, the coarsest resolution can marginally resolve the finer features of the flow, such as the jet of the
y velocity at the boundary layer top; therefore, differences are expected. The momentum and buoyancy
fluxes also show good convergence properties. Several
models (Beare et al. 2006) predict the linear variation
of the buoyancy flux; however, the present simulations show good collapse of the profiles with respect to
resolution.
The hwui and huwi fluxes show a spurious overshoot at
the first level above the surface. This results from an
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FIG. 4. Convergence of the vertical profiles for the stable boundary layer case with the stretched-vortex SGS model and comparison with
the corresponding model intercomparison study. The profiles are horizontal and time averages from t 5 8–9 h of: (left to right) (top) zonal
u and meridional y wind, potential temperature u; and (bottom) turbulence fluxes huwi and hywi and buoyancy flux hwui. Colored lines
correspond to current LES results at four grid resolutions. Black line is the model ensemble mean of the GABLS intercomparison, while
the shading denotes the entire model ensemble distribution. Only the 2-m-resolution data from the intercomparison are plotted here.

overestimate of the SGS part of the fluxes. Similar to the
oscillations of duy/dz in Fig. 2, oscillatory behavior near
the surface is sometimes observed in LES solutions [see
Brasseur and Wei (2010) and references therein]. While
improving the oscillations should be possible, because
only one vertical level is affected and there is no negative effect on the overall quality of the solution, it was
not deemed critical for this paper.
As an additional validation check, in Fig. 5 the MO
functions for wind shear and potential temperature are
compared with their commonly used empirical forms
fm(z/L) 5 1 1 4.8z/L and fh(z/L) 5 1 1 7.8z/L, respectively. The deviations from Monin–Obukhov scaling near the surface are small, and less than the majority
of the results for neutral flows reported in Brasseur and
Wei (2010). Similar to the free convection temperature
gradient profiles near the surface (Fig. 2), the differentiation results in less smooth curves than the corresponding variable profile (Fig. 4). Moreover, resolution
in the surface layer is coarse with the first grid point of
the highest-resolution run at z1 [ zu*/n ’ 2000 (note
that the diffusive length scale is defined differently in

shear and pure convective flows). Grid convergence is
maintained as the profiles approach the surface, but the
convergence of potential temperature is non-monotone
with the 16-m run being in better agreement with the
highest-resolution run compared to the 8-m run.
The subgrid to total TKE ratio of Fig. 6 shows that the
stable boundary layer case is less resolved than the free
convection case of the previous section since for the
highest-resolution run about 6% of the TKE remains
unresolved. As can be seen from the profiles of Fig. 6, for
Dx 5 16 and 8 m near the top of the boundary layer (z .
180 m) the SGS model predicts null fluxes because of the
strong stability.
Although previous studies have reported LES predictions for the first GEWEX Atmospheric Boundary
Layer Study (GABLS) case using various models, we
carry out a set of runs using the constant coefficient
Smagorinsky model in order to provide a more representative comparison of the effect of the SGS model with
all other LES configuration choices being identical. The
mean profiles are shown in Fig. 7. An LES run at Dx 5
16 m with the Smagorinsky model was not feasible
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FIG. 5. Difference of Monin–Obukhov functions for (left) shear and (right) temperature between fLES and the
commonly used empirical forms. Height is normalized by the Obukhov length L. The curves correspond to averages
in t 5 8–9 h for runs with the stretched-vortex SGS model.

because the model predicts no fluctuations. In contrast,
simulations with BASVM do not laminarize. A run with
Dx 5 32 m was carried out using BASVM, and even
though the quality of the prediction is poor, the flow
shows turbulent fluctuations that are comparable to the
finer resolutions. This is an advantage of BASVM that
consistently predicts a turbulent state regardless of the
grid resolution in this case.
The differences with respect to resolution for the
Smagorinsky SGS model are larger than the runs with
BASVM. The runs with Dx 5 2 and 4 m predict the same
boundary layer depth, with fair overall agreement. Only
the 2-m Smagorinsky run captures the small jet of the
y velocity component at z ’ 200 m.
Before discussing more complex flows, we briefly
comment on the features of the instantaneous flow for
a grid-converged LES. Figure 8 shows the instantaneous
potential temperature at t 5 9 h for two grid resolutions
Dx 5 2 and 8 m using BASVM. Although the flow is
different, the main features remain unchanged with the
finer resolution capturing more detail. For example,
because shear is predominantly along the x direction
(Fig. 4), u exhibits ramp-and-cliff structures on the x–z
plane.

cumulus case and one of the early LES studies of cloudy
boundary layers (Cuijpers and Duynkerke 1993). Here,
we follow the configuration of Siebesma et al. (2003), with
a larger domain of (20.48)2 3 3 km3, and carry out three
simulations with Dx 5 20, 40, and 80 m. Typical resolutions used in previous studies have Dx ’ 40 m (e.g.,
Brown 1999; Neggers et al. 2003; Siebesma et al. 2003;
Riechelmann et al. 2012).
Figure 9 shows the current BASVM LES profiles
plotted against the model intercomparison results of
Siebesma et al. (2003). Similar to the stable case, the
results are well within the spread of the intercomparison

c. Shallow cumulus
Following the validation of BASVM for convective
and stable boundary layers, the next three cases consider
moist convection. First, we model a cumulus-topped
boundary layer using the setup based on conditions from
the Barbados Oceanographic and Meteorological Experiment (BOMEX) campaign (Holland and Rasmusson
1973). BOMEX is likely the most prevalent shallow

FIG. 6. As in Fig. 3, but for the stable boundary layer case. The
profiles correspond to a time average in t 5 8–9 h.
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FIG. 7. Convergence of the vertical profiles for the stable boundary layer case with the Smagorinsky SGS model: (left to right) (top) u, y,
and u; and (bottom) huwi, hywi, and hwui. The profiles correspond to a time average in t 5 8–9 h.

and the two highest resolutions agree with the model
mean, except the liquid water profile. Previous LES
studies have shown good agreement between different
model implementations (i.e., narrow spread of model
intercomparison results for potential temperature and
total water). Thus, this is not considered a particularly
challenging case for LES, and the agreement of the
mean profiles of potential temperature and total water is
somewhat expected, with the exception of the Dx 5 80m grid, which is typically considered a coarse resolution.
The grid convergence of liquid water is more significant
than the other mean profiles because it is related to the
variance of water—a higher-order moment.
The turbulent fluxes and TKE exhibit differences with
respect to grid resolution that are larger than the stable
and free convection cases. The ratio of SGS to total TKE
(Fig. 10) shows that the shallow cumulus case is less
resolved than the previous flows with only the highestresolution grid (Dx 5 20 m) resolving more than 90% of
the total TKE.

d. Precipitating shallow cumulus
While the conditions of the preceding BOMEX case
result in fair-weather, nonprecipitating, cumulus clouds,
precipitation in trade wind cumulus clouds is ubiquitous

and exhibits subtle dependence on the meteorological
environment with deeper clouds (zcloud . 3 km) readily
precipitating (Nuijens et al. 2009). The conditions of the
simulations are based on a period from the Rain in Shallow
Cumulus over Ocean (RICO) campaign (Rauber et al.
2007) and follow the setup of the model intercomparison
case (vanZanten et al. 2011). The main characteristic of
the case is the interaction of precipitation with convection, which results in difficulties in the accurate prediction of the boundary layer. Precipitation rates vary
considerably between the models of the intercomparison
study and show strong dependence on the numerical
methods used (Matheou et al. 2011).
The present runs can be considered an extension of
Matheou et al. (2011) as the setup is identical with
a domain size of (20.48)2 3 4 km3 and grid resolutions of
Dx 5 20, 40, and 80 m. In addition to the use of BASVM,
a higher-order advection is used presently; therefore,
a second set of runs with the Smagorinsky model is also
carried out. The focus of the results is on the evolution of
precipitation during the 24-h run; thus, only time traces
are reported here. The convergence characteristics of
the profiles are similar to the BOMEX case.
Figure 11 shows the radiance distribution at the top of
the atmosphere illustrating the realistic structure of
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FIG. 8. Instantaneous u fields (K) at two resolutions, (top) Dx 5 8 m and (bottom) Dx 5 2 m,
for the stable boundary layer case with the stretched-vortex model. Note that the values of u
remain unchanged as the resolution increases, but finer features are captured.

cloud field [cf. images in Snodgrass et al. (2009)], the formation of cold pools due to precipitation, and a few small
cloud anvils forming at the boundary layer top. The radiance field was calculated with the Monte Carlo code for
physically correct tracing of photons in cloudy atmospheres (MYSTIC), a three-dimensional radiative transfer
model (Mayer 2009; Buras and Mayer 2011). The solar
zenith angle is 458, the solar azimuthal angle is 258 (i.e., the
sun is southwest), and the sensor is due north, looking
toward the south (top of figure) at a 458 viewing angle from
nadir direction. The calculation is for a red wavelength of
671 nm and assumes a Gamma size distribution for the
cloud droplets with effective radius reff 5 10 mm and variance of 0.1 to convert liquid water content into cell
opacity. The dark areas in Fig. 11 correspond to the cloud
shadows on the ocean surface, which is assumed uniform
and modeled as a rough Fresnel interface with the Cox–
Munk distribution of slopes for a wind speed of 10 m s21.
The variability, especially in precipitation, is shown
in the time traces for both BASVM (Fig. 12) and
Smagorinsky (Fig. 13) SGS models. To reduce the large
small-time variability of the statistics of Figs. 12 and 13,
a 1-h rolling average is employed.

The time traces show that BASVM becomes more
energetic at coarser resolutions, predicting higher values
of TKE. The same trend is observed in the TKE profiles
for the BOMEX case (Fig. 9). The increase of TKE for
Dx 5 80 m interacts with the precipitation dynamics,
creating large swings in the cloud and rain liquid water
path (LWP) and surface precipitation rates. The amount
of cloud liquid remains relatively constant with resolution; thus, most of the variation in TKE and precipitation
is attributed to the flow organization (fewer and larger
clouds versus more and smaller) rather than changes in
the total cloud amount.
In this case, the corresponding results from the model
intercomparison are not shown because the domain size
is likely to play a role in the precipitation statistics. The
expected surface precipitation rate Psrf 5 35 W m22
from the analysis of the observations (Nuijens et al.
2009) is used as a validation metric. The highest-resolution
run produces the expected surface precipitation rate
during the last 4 h of the simulation.
The variability of the time traces makes the assessment of grid convergence less straightforward than the
other cases considered in this study. BASVM traces are
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FIG. 9. Convergence of the vertical profiles for the shallow cumulus (BOMEX) case with the stretched-vortex SGS model and comparison with the model intercomparison study. The profiles correspond to a horizontal time average in t 5 5–6 h of (left to right) (top)
potential temperature u, total water mixing ratio q, and cloud liquid water mixing ratio l; and (bottom) vertical component of turbulent flux
of liquid water potential temperature hwuli, variance of vertical velocity hwwi, and turbulent kinetic energy huiuii/2. Blue, green, and red
lines correspond to current results at three grid resolutions. Black line is the ensemble mean of the BOMEX intercomparison, while the
shading denotes the entire ensemble distribution. Models in the intercomparison have grid resolution of 1002 3 40 m3 (horizontal 3 vertical).

in better agreement than the corresponding runs with
the Smagorinsky model (Fig. 13), especially for t , 16 h.
Precipitation is weaker (less rain water path and surface
precipitation rate) in the Smagorinsky model, with an
increasing tendency with finer grid resolutions, whereas
precipitation statistics do not show monotone variations
with BASVM—grid convergence is not always monotone.
For the highest-resolution run, Dx 5 20 m, the precipitation statistics are in good agreement between the
two SGS models.

e. Stratocumulus
The last case we consider is that of a stratocumulustopped boundary layer. Simulations of the stratocumulustopped boundary layer have been the subject of increased
interest because of the importance of this cloud regime
to Earth’s energy budget and challenges in its accurate
modeling using LES. The set of physical processes encountered is complex and includes strong temperature inversions, latent heat exchange, radiation, and microphysical

and aerosol interactions (e.g., Brost et al. 1982; Lenschow
et al. 1988; Stevens et al. 2003a, 2005b; Zheng et al. 2011;
Wood 2012).
The relatively simple case of a nocturnal boundary
layer corresponding to the first research flight (RF01) of
the DYCOMS-II field study (Stevens et al. 2003a) is
simulated. The setup follows Stevens et al. (2005a) with
the exception of the surface fluxes. The surface fluxes are
computed using the Monin–Obukhov similarity theory
(MOST) with Charnock’s roughness length (Charnock
1955) using SST 5 292.5 K (Stevens et al. 2005a). The
same roughness length is used for momentum and heat
fluxes. MOST inherently adjusts to the variable grid
spacing, in contrast to using drag coefficients. The
domain-mean surface fluxes calculated from MOST differ
from the ones specified in the model intercomparison
study and they are decreasing with time (see appendix B
for more details). As in the intercomparison study, a simplified radiation parameterization is used, while droplet
sedimentation and drizzle are neglected.
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FIG. 10. Ratio of the subgrid-scale turbulent kinetic energy to the
total for the shallow cumulus convection case with the stretchedvortex SGS model. The profiles correspond to a time average in t 5
5–6 h.

Previous LES studies of nonprecipitating stratocumulus
(e.g., Moeng 1986; Moeng et al. 1992, 1996; Stevens et al.
1996; Wang et al. 2003; Yamaguchi and Feingold 2012)
captured the complex interactions between turbulence
and radiation, but also showed that simulations presented more challenges than dry or cumulus convection
cases. The main difficulty arises from the presence of
a sharp interface between cloud and clear air at the top
of the boundary layer. Several physical processes (i.e.,
strong stratification, latent heat exchange, and radiative
cooling) occur within a thin layer (;10 m) at the
boundary layer–free troposphere interface and strongly
affect the entrainment of dry air into the boundary layer.
These challenges often manifest in the spread of predictions between different models but also for different
configurations of the same model (Stevens et al. 2005a;
Savic-Jovcic and Stevens 2008).
Because of the fine vertical structure near the cloud
top, previous studies have used anisotropic grids with
typical aspect ratios from 2.5 to 10 and vertical resolutions from 1 to 25 m near the inversion. The grid sensitivity runs of the DYCOMS-II RF01 case of Yamaguchi
and Randall (2008) show good agreement for 5-m vertical grid spacing and horizontal spacing of 30 and 50 m.
In the present LES, the grid aspect ratio is unity, and
three grids are used with Dx 5 2.5, 5, and 10 m.
Figure 14 shows a snapshot of the cloud field for the
highest-resolution run, Dx 5 2.5 m, at the end of the run,
t 5 4 h. The cloud cover is virtually 100% with the cloud
top being replete with cellular patterns of various sizes.

4451

FIG. 11. Radiance at the top of the atmosphere plotted on
a logarithmic scale for the precipitating shallow cumulus case
(RICO) with Dx 5 20 m and the stretched-vortex SGS model at t 5
24 h. The radiance is normalized by solar illumination. The solar
zenith angle is 458 and the solar azimuthal angle is 258 (the sun is
southwest); sensor is due north, looking toward the south at a 458
viewing angle from nadir direction. The darker areas correspond to
the cloud shadows on the ocean surface. The horizontal and vertical axes increase westward and southward, respectively and their
scales are in kilometers.

The differences of the time traces and profiles of
Figs. 15 and 16 with respect to resolution show that the
stratocumulus-topped boundary layer is a challenging
case. Also shown in Figs. 15 and 16 are the model intercomparison results (Stevens et al. 2005a) and observations from the DYCOMS II campaign. The current
results are in good agreement with the observations, especially in the amount of cloud liquid (top-right panel of
Fig. 16). The largest differences between the current results and the intercomparison are in the cloud base and
top (top-right panel of Fig. 15), likely because the fluxes
computed by MOST deviate from those used in the intercomparison. The observations show a variable cloud
thickness that ranges between the present results and
those of the intercomparison mean. Cloud base and
height do not change with respect to grid resolution
and appear to slowly increase while keeping a constant
cloud depth. Although the SGS to total TKE ratio
(Fig. 17) in the mixed layer indicates that the flow in this
layer is well resolved, the dynamics in the thin interfacial
layer below the inversion seem to have a significant effect
on the amount of liquid, vertical velocity variance, and
TKE with all other profiles showing good agreement
(Fig. 16). The variation of the amount of liquid and TKE
is more evident in the time traces of Fig. 15, where after
the initial transient, the boundary layer appears to attain
a state of almost constant LWP and TKE, with Dx 5 10 m
drifting to lower values and Dx 5 2.5 m drifting to higher
values.
One of the principle quantities of interest in the
stratocumulus-topped boundary layer is the entrainment
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FIG. 12. Time evolution of (top) (left) cloud and (right) rainwater paths and (bottom) (left) surface precipitation
rate and (right) vertically integrated turbulent kinetic energy for the precipitating shallow cumulus case at three grid
resolutions with the stretched-vortex model. The black horizontal line in the surface precipitation plot denotes the
observed value of precipitation from the RICO campaign. The rain rate is converted to energy rate units by multiplying by the air density and latent heat of vaporization.

rate. To compare the current LES results with the observations, we use the kinematic estimate (e.g., Stevens
2002) of the entrainment rate: E(t) 5 dh/dt 1 Dh(t),
where D 5 3.75 3 1026 s21 is the (prescribed constant)
large-scale divergence and h is the height of the boundary
layer, which we identify with the cloud-top height. The
quantity h(t) is calculated using a linear fit of the LES data
between hours 2 and 4 (Fig. 15). For all resolutions, the
entrainment rate increases linearly with time. The two
extreme values, at the beginning and end, of the time interval are Dx 5 2.5 m and E 5 (7.0, 7.1) 3 1023; Dx 5 5 m

and E 5 (6.8, 6.9) 3 1023; and Dx 5 10 m and E 5 (6.7, 6.8)
3 1023 m s21. The corresponding value of the DYCOMSII RF01 observations is 3.8 3 1023 m s21 (Stevens et al.
2003b), whereas most models in the intercomparison
study predict values from 4 to 6 3 1023 m s21.

5. Discussion
a. Grid convergence
Using the results of the current simulations a grid
convergence criterion that is based on the fraction of the

FIG. 13. As in Fig. 12, but with the Smagorinsky model.
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FIG. 14. Radiance at the top of the atmosphere at t 5 4 h plotted
on a logarithmic scale for the stratocumulus case (DYCOMS II
RF01) with Dx 5 2.5 m with the stretched-vortex SGS model. The
radiance is normalized by solar illumination. The axes scales are in
kilometers. Details are as in Fig. 11.

resolved TKE is put forward. The purpose of the criterion is to help determine the accuracy of the LES results
without performing multiple runs at different resolutions. Two overall trends can be discerned: first, lowerorder flow statistics converge at coarser resolutions than
higher-order statistics, and second, the convergence of
mean fields is attainted when about 90% of the TKE is
resolved, with the exception of the stratocumulus case.
Although, the ratio of resolved TKE varies with respect
to height, we refer to a single quantity that characterizes
the entire simulation. We view this as a mean value
given that no extensive layers have smaller ratios.

Note that unlike previous convergence criteria, the
TKE criterion is not dependent on the flow configuration. For instance, although in the different configurations considered in this study the grid spacing
varies significantly, the ratio of SGS to total TKE at
which convergence is achieved does not change considerably. Moreover, the TKE criterion does not depend on the SGS model and can be used to determine
the convergence of any LES model. However, it is
important to note that we do not expect that all LES
models will converge when 90% of the TKE is
resolved.
In previous investigations of neutrally stratified turbulent shear flows with the stretched-vortex model
(Matheou et al. 2010), the mean flow statistics converged when 80% of the TKE is resolved. For the current simulations, a resolution that captures only 80% of
the TKE would be too coarse. It is likely that LES of
atmospheric flows requires more resolution than free
shear flows because of the interactions between additional physical processes, such as buoyancy forcing, latent heat exchange, and radiation. A prerequisite for the
proposed convergence criterion is that all dynamically
significant length scales must be resolved. In the case of
the stratocumulus simulations this condition is not satisfied because of the shallow dynamics at the cloud top.
Another region where the dynamically important length
scales can become unresolved is near the surface; accordingly, the current criterion may not apply within the
surface layer.

FIG. 15. Time evolution of (top) (left) cloud cover and (right) cloud base and height and (bottom) (left) cloud liquid
water path and (right) vertically integrated turbulent kinetic energy for the stratocumulus case with the stretchedvortex model at three grid resolutions. Blue, green, and red lines correspond to current results; black line corresponds
to the ensemble mean of the DYCOMS II RF01 intercomparison, while shading denotes the entire ensemble distribution. Circles denote observations from the DYCOMS campaign.
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FIG. 16. Convergence of the mean profiles for the stratocumulus case with the stretched-vortex SGS model and comparison with
observations and the model intercomparison study. Profiles correspond to a horizontal average at t 5 4 h (no time average) of (top) (left)
liquid water potential temperature ul, (middle) total water mixing ratio q, and (right) cloud liquid water mixing ratio l and (bottom) (left)
vertical component of turbulent flux of liquid water potential temperature hwuli, (middle) variance of vertical velocity hwwi, and (right)
turbulent kinetic energy huiuii/2. Blue, green, and red lines correspond to current results at three grid resolutions. Black line is the model
ensemble mean of the DYCOMS II RF01 intercomparison, while the shading denotes the entire model ensemble distribution. Models in
the intercomparison have grid resolution 352 3 5 m3 (horizontal 3 vertical). Circles denote observations.

b. Numerical dissipation
For all the present simulations the advection discretization for momentum and scalars is nondissipative,
with the exception of the rain mass and raindrop number
advection in the precipitating shallow cumulus runs. That
is, all dissipation is solely furnished by the SGS model.
Many previous LES investigations include some form of
numerical dissipation, especially for scalar variables, but
its effects have not been easy to quantify (e.g., Brown
et al. 2000), whereas some studies used numerical dissipation as a physical model for turbulent dynamics (e.g.,
Margolin et al. 1999; Savic-Jovcic and Stevens 2008).
To demonstrate that in the current simulation all dissipation is provided by the SGS model, we take an instance of the free convection LES run (Dx 5 10 m) and
continue the simulation without the SGS model. The top
panel of Fig. 18 shows the initial potential temperature
field, whereas the bottom panel shows the same field after
360 s (443 iterations) with the SGS terms switched off.
Because there is no dissipation mechanism, the energy

that cascades to smaller scales accumulates on the grid as
fine-grained noise. The large-scale structures are still
discernible on the bottom panel of Fig. 18 because they
have larger time scales compared to the time interval
between the two panels. Eventually all variables will
become meaningless, but unless the Courant–Friedrichs–
Lewy (CFL) numerical stability condition is violated, the
simulation will not ‘‘blow up’’ because the advection
scheme conserves kinetic energy and scalar variance.

c. Computational cost considerations
Execution time is always a practical consideration for
numerical models. Thus, we provide some basic estimates of the computational cost of BASVM in order to
have a complete account of the model’s performance
aspects. The code profiling measures are calculated for
the shallow cumulus (BOMEX) run during an interval
of about 300 iterations after t 5 3 h. The profiling statistics correspond to a serial (single CPU) run and exclude the overhead of parallel execution.
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respect to resolution outweighs the increase in computational cost because a doubling in resolution increases
the computational cost by a factor of 16.

6. Conclusions

FIG. 17. Ratio of subgrid-scale turbulent kinetic energy to total for
the stratocumulus case with the stretched-vortex SGS model. The profiles correspond to a horizontal average at t 5 4 h (no time average).

A run with BASVM compared to the Smagorinsky
takes about 4.2 times more time to complete. The calculation of the SGS terms is the most time consuming operation in the LES, accounting for 23.5% of the time with
the Smagorinsky and 64.7% with BASVM. The Poisson
solver for the pressure is the second most expensive operation accounting for 23.2% and 5.6% of the time when
the Smagorinsky and BASVM are used, respectively.
Although BASVM appears, at first instance, more
computationally expensive than the Smagorinsky model,
LES runs using BASVM are typically more accurate at
lower resolutions. For instance, in the stable boundary
layer results, the better performance of BASVM with

In this second part of the large-eddy simulation (LES)
modeling of stratified turbulence, the central theme of
the investigation is the performance of the buoyancyadjusted stretched-vortex subgrid-scale (SGS) model
(BASVM) in LES of the atmospheric boundary layer.
However, the overarching aim of Part II is to consider
the potential of the LES technique in predicting diverse
atmospheric conditions without any change (or tuning)
of the model setup. Thus, the main finding of the study is
the demonstration that such an LES model setup, which
can accurately capture diverse conditions without any
flow-adjustable parameters, is feasible. The LES implementation is based on BASVM and a fourth-order,
nondissipative fully conservative discretization of the
momentum and scalar advection terms.
BASVM is assessed using cases that were studied
extensively. The LES runs are based on the corresponding model intercomparisons, and the results are in
agreement with the intercomparison studies and observations. The good performance of the SGS model is
attributed to the physics-based construction of the turbulence closure. The stability correction for stratified
flows is faithful to the physics of stratified turbulence and
accounts for the increasing flow anisotropy as stratification increases.
For all cases, grid convergence of the mean fields,
including the liquid water vertical distribution and basic
precipitation statistics, is achieved. Flow statistics converge for resolutions that are typically considered

FIG. 18. The effect of switching off the SGS model. The contours show the potential temperature field (K) for the
free convection case with Dx 5 10 m. (top) An x–z plane of the initial condition and (bottom) the same field after
360 s (443 iterations). The axes scales are in meters. The lack of dissipation results in energy accumulation on the
grid scale. This demonstrates that all dissipation in the LES is supplied by the SGS model.
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coarse, such as Dx 5 80 m for shallow cumulus convection and Dx 5 8 m for moderately stably stratified
boundary layers. Moreover, no spurious laminarization
is observed in the stably stratified case when resolution is
coarsened. Second-order statistics (variances and turbulent kinetic energy) require finer grid resolutions to
achieve convergence and only for the free convection
and stable boundary layer cases convergence is attained.
Grid convergence of the mean fields is achieved when
about 90% of the turbulent kinetic energy (TKE) is
resolved. The present results suggest that about 95% of
the TKE must be resolved for the convergence of secondorder statistics. A prerequisite for the proposed convergence criterion is that all dynamically significant length
scales must be resolved. This is exemplified in the stratocumulus simulations where although the mixed layer is
very well resolved (about 97% resolved TKE fraction at
Dx 5 5 m), the liquid water path does not converge because the small-scale radiation–turbulence interactions
near the cloud top are not adequately resolved.
The current simulations corroborate previous findings
that for moderate grid resolutions the choice of SGS
closure and advection scheme has a significant impact on
the LES prediction. Comparisons between BASVM and
the constant coefficient Smagorinsky–Lilly SGS model
show that the two models converge to identical flow
statistics for sufficiently fine grid resolutions. It appears
that the coveted outcome of previous LES model intercomparison studies—that the prediction is independent
of the choice of the SGS model—can be achieved as the
grid is refined. In turn, this can suggest a metric of SGS
model prediction skill, that is, the coarsest resolution at
which the correct solution is attained.
Finally, the current simulations demonstrate that numerical dissipation is not a necessary component of an
LES and that accurate predictions can be achieved by
solely relying on the SGS model for all dissipation.
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APPENDIX A
Governing Equations
The governing equations of the LES model are presented in this appendix. The LES numerically integrates
the anelastic approximation (Batchelor 1953; Ogura and
Phillips 1962) of the Favre-filtered (density weighted)
Navier–Stokes equations. The Favre-filtered quantities
are defined as
~ [ rf ,
f
r

(A1)

for an arbitrary field f, where r is the density. The
overbar indicates the filtering operation
ð
f(x, t) [ G(x 2 x0 )f(x0 , t) dx0 ,
(A2)
with a convolution kernel G(x) (Leonard 1974).
The conservation equations for mass, momentum,
liquid water potential temperature (Betts 1973), and
total water mixing ratio, written on the f plane and neglecting resolved-scale viscous terms, are, respectively,
›r0 u~i
5 0,
›xi

(A3)

›r0 u~i ›(r0 u~i u~j )
›p
r (~
u 2 h~
uy i)
1
5 2u0 r0 2 1 di3 g 0 y
u0
›t
›xi
›xj
2 ijk r0 fj (~
uk 2 ug,k ) 2

›tij
›xj

1 Hu ,
i

(A4)
›su,j
›r0 u~l ›r0 u~l u~j
52
1 Hu 1 S~u ,
1
›t
›xj
›xj

(A5)

›sq,j
›r0 q~t ›r0 q~t u~j
52
1 Hq 1 S~q .
1
›t
›xj
›xj

(A6)

The thermodynamic variables are decomposed into a
constant potential temperature basic state, denoted by
subscript 0, and a dynamic component. Accordingly,
u0 is the constant basic state potential temperature, and
r0(z) is the density. The subgrid terms t ij, su, and sq
represent the subgrid stress tensor and subgrid ul and qt
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FIG. B1. (left) Sensible and (right) latent heat fluxes for the precipitating shallow cumulus case with respect to resolution.

flux, respectively. The quantities ui and ug,i are the
Cartesian components of the velocity vector and geostrophic wind, respectively, and f 5 [0, 0, f3] is the
Coriolis parameter. Buoyancy is proportional to deviations of the virtual potential temperature uy from its
instantaneous horizontal average huyi. The virtual potential temperature is given by




Ry
(A7)
uy 5 u 1 1
2 1 qy 2 qc ,
Rd
where qy and qc denote vapor and water condensate
mixing ratios, respectively. In the momentum Eq. (A4), p2
denotes the dynamic part of the Exner function p, that is,
p0 1 p1 1 p 2 p T
p
5 5 5
cp u
pref
cp

!R

d

/cp

,

computational domain, such as large-scale subsidence
and humidity and temperature advection. Radiative
warming/cooling is also included in Hu. The terms Su and
Sq impart the effects of microphysics, that is, warm rain
precipitation in the current LES, on qt and ul.
The two-moment bulk microphysical scheme of Seifert
and Beheng (2001) as implemented in Stevens and Seifert
(2008) is used. When the process of precipitation is included in the LES, equations for the mass mixing ratio of
rainwater rr and mass specific number of rainwater drops
nr are also integrated in addition to Eqs. (A3)–(A6).
These are of the form
›sn,j
›r0 nr ›r0 nr u~j ›r0 ws nr
1
d3j 5 2
1 Kn 1 T n ,
1
›t
›xj
›xj
›xj
(A13)

(A8)

0 0
g
~~
t ij 5 r(ug
i uj 2 ui uj ) ’ rui uj ,

(A9)

where ws is the sedimentation velocity, and K and T
represent processes due to interactions between drops
and thermodynamics, respectively. The turbulent
transport term sn,j has the same form as the one for
temperature and humidity. This is a crude approximation, as large drops are not expected to follow the motion of the surrounding gas. However, the dominant
terms in the evolution of rain mass and number in each
grid cell are the ones corresponding to sedimentation,
thermodynamics, and droplet interactions.

0 0
g
g 2 f~
~ u ) ’ rf
ui .
si 5 r(fu
i
i

(A10)

APPENDIX B

Thus, the specific forms for the SGS stress and SGS scalar
flux for the buoyancy-adjusted, stretched-vortex model are

Surface Fluxes

which is used to enforce the anelastic constraint Eq.
(A3). The thermodynamic pressure p at each grid point
is computed from Eq. (A8), the sum of the basic-state
Exner p0(z) plus a contribution due to the deviation of
the horizontal mean from the basic state p1(t, z), and the
dynamic p2(t, x, y, z) (Clark 1979).
In variable density flows, the SGS terms are

t ij 5 r(dij 2 eyi eyj )Ks ,

(A11)

^ K1/2 (d 2 ey ey )›f/›x
~
si 5 2r(g/2)D
i j
s s
ij
j.

(A12)

Two types of source terms are present in the momentum and scalar transport equations. The terms
Hui , Hu , and Hq parameterize processes that cannot be
captured by the periodic boundary conditions of the

A requirement for the grid resolution studies is that all
boundary conditions and forcings remain unchanged as
the grid is refined. In two of the cases considered, the
surface temperature is specified rather that the heat flux.
Although setting the temperature is a well-posed boundary condition, the calculation of the surface heat flux can
impact the simulation if the heat flux depends on the grid
resolution. Figures B1 and B2 show the mean sensible and
latent heat fluxes for the shallow precipitating cumulus
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FIG. B2. As in Fig. B1, but for the stratocumulus case.

(RICO) and stratocumulus (DYCOMS-II RF01) runs
for variable resolution. The cumulus case uses a bulk
aerodynamic formula (vanZanten et al. 2011), but the
coefficients were not corrected for the change in height
of the first grid cell. However, because the dependence is
logarithmic with height (e.g., Stevens et al. 2001), the
fluxes do not change significantly. The Monin–Obukhov
similarity theory is used to compute the fluxes for the
stratocumulus case (Fig. B2), and, as expected, there are
only minor variations with the grid resolution.
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