
15 FEBRUARY 2004 403D E R O O D E E T A L .

q 2004 American Meteorological Society

Large-Eddy Simulation: How Large is Large Enough?

STEPHAN R. DE ROODE AND PETER G. DUYNKERKE*

Institute for Marine and Atmospheric Research Utrecht, University of Utrecht, Utrecht, Netherlands

HARM J. J. JONKER

Thermofluids Section, Department of Applied Physics, Delft University of Technology, Delft, Netherlands

(Manuscript received 3 December 2002, in final form 2 September 2003)

ABSTRACT

The length scale evolution of various quantities in a clear convective boundary layer (CBL), a stratocumulus-
topped boundary layer, and three radiatively cooled (‘‘smoke cloud’’) convective boundary layers are studied
by means of large-eddy simulations on a large horizontal domain (25.6 3 25.6 km2). In the CBL the virtual
potential temperature and the vertical velocity fields are dominated by horizontal scales on the order of the
boundary layer depth. In contrast, the potential temperature and the specific humidity fields become gradually
dominated by mesoscale fluctuations. However, at the mesoscales their effects on the virtual potential temperature
fluctuations nearly compensate. It is found that mesoscale fluctuations are negligibly small only for conserved
variables that have an entrainment to surface flux ratio close to 20.25, which is about the flux ratio for the
buoyancy. In the CBL the moisture and potential temperature flux ratios can have values that significantly deviate
from this number.

The geometry of the buoyancy flux was manipulated by cooling the clear convective boundary layer from
the top, in addition to a positive buoyancy flux at the surface. For these radiatively cooled cases it is found that
both the vertical velocity as well as the virtual potential temperature spectra tend to broaden. The role of the
buoyancy flux in their respective prognostic variance equations is discussed. It is argued that in the upper part
of the clear CBL, where the mean vertical stratification is stable, vertical velocity variance and virtual potential
temperature variance cannot be produced simultaneously. For the stratocumulus case, in which latent heat release
effects in the cloud layer play an important role in its dynamics, the field of any quantity, except for the vertical
velocity, becomes dominated by mesoscale fluctuations.

In general, the location of the spectral peak of any quantity becoming constrained by the domain size should
be avoided. The answer to the question of how large the LES horizontal domain size should be in order to
include mesoscale fluctuations will, on the one hand, depend on the type of convection to be simulated and the
kind of physical question one aims to address, and, on the other hand, the time duration of the simulation. Only
if one aims to study the dynamics of a dry CBL that excludes moisture, a rather small domain size suffices. In
case one aims to examine either the spatial evolution of the fields of any arbitrary conserved scalar in the CBL,
or any quantity in stratocumulus clouds except for the vertical velocity, a larger domain size that allows the
development of mesoscale fluctuations will be necessary.

1. Introduction

From an analysis of the horizontal wind velocities
Van der Hoven (1957) found a local minimum in the
spectral energy at wavelengths in the mesoscale range.
As such the concept of the ‘‘spectral gap’’ was intro-
duced, which is supposed to separate small-scale tur-
bulent fluctuations from the larger mesoscale and syn-
optic perturbations. Accordingly, turbulent processes in
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convective atmospheric boundary layers, devoid of
large-scale forcings, are thought to operate in a large,
yet confined, scale range delineated by the dissipation
scale (;1 mm) on the one hand and the depth of the
planetary boundary layer (;1 km) on the other hand.
Eddies with a scale larger than the depth of the planetary
boundary layer are supposed not to occur, and hence all
turbulence variables (including temperature and mois-
ture) are assumed not to exhibit fluctuations in the me-
soscale range (scales . 1 km).

However, in contrast to this view, various field ex-
periments performed in both clear and cloudy boundary
layers have shown that generally a significant amount
of variance is present at the mesoscales for quantities
such as moisture, temperature, or the horizontal wind
components (e.g., Nicholls and LeMone 1980; Roth-
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FIG. 1. Landsat satellite image (domain size about 200 3 600 km2)
showing stratocumulus off the coast of California 14 Jul 1987. The
cloud tops are at 500 ; 1000 m whereas the convective cells have
a horizontal dimension of about 10 km. The aspect ratio of the con-
vective cells is thus much larger than 1.

ermel and Agee 1980; Nucciarone and Young 1991;
Davis et al. 1996; Jonker et al. 1997; Young 1987; Du-
rand et al. 2000). Typically only the vertical velocity
spectrum is found to exhibit a classical shape: a spectral
peak at a length scale close to the boundary layer depth
and a gradually decreasing spectral variance following
a 25/3 slope to larger wavenumbers in the inertial sub-
range. Mesoscale perturbations are usually minimal for
vertical velocity due to the shallowness of the atmo-
sphere.

In many cases the presence of fluctuations on the
mesoscales is clearly visible from satellite images (e.g.,
Agee 1984; Atkinson and Zhang 1996; Shao and Rand-
all 1996). An example of an extended stratocumulus
cloud deck above the Pacific Ocean off the coast of
California is shown in Fig. 1. The low clouds are sup-
plied with a significant input of moisture from the
ocean’s surface that is effectively trapped by a very
stable inversion at about 500 ; 1000 m. Despite the
shallow depth of the stratocumulus-topped boundary
layer (STBL) the cloud cell sizes tend to grow, while
the clouds are advected southward, to values of ap-
proximately 10 ; 20 km. These kinds of large-scale
cloud patterns cover a considerable part of the earth’s
atmosphere, exhibiting a very distinct organization
(Agee 1984; Atkinson and Zhang 1996). This phenom-
enon, called mesoscale shallow convection, includes
cloud streets as well as cell patterns, the latter being
referred to as mesoscale cellular convection (MCC).
MCC comprises cells with a typical depth of a few
kilometers, but with typical diameters ranging from 10
to 100 km. Nevertheless they are considered as mani-
festations of boundary layer processes, and hence as
boundary layer phenomena.

Apart from being an intriguing physical problem, the
presence of mesoscale fluctuations has important im-
plications on the analysis of field observations (Duynk-
erke and de Roode 2001; Mahrt et al. 2001), large-scale
modeling studies and large-eddy simulation (LES). The
presence of mesoscale fluctuations may lead to consid-
erable complications in the analysis of turbulence from
field observations since it requires a much longer mea-
surement length to obtain results with a sufficient ac-
curacy (Lenschow and Stankov 1986; Lenschow et al.
1994). Should one apply a filter to observational data
in order to separate the mesoscale from the turbulent
fluctuations (Nicholls 1989), then the magnitude of the
variance becomes dependent on the choice of the filter
length scale. A similar problem arises in numerical
weather prediction models in which processes smaller
than the grid size need to be parameterized, in particular
if the grid distance does not fall within the spectral gap
range. In that case the magnitude of the unresolved
(co)variance, like the vertical flux of moisture or passive
scalars (tracers), becomes dependent of the horizontal
grid distance. Last, it means that the horizontal domain
size of an LES model must be sufficiently large to be
capable to represent mesoscale structures (Müller and

Chlond 1996; Schröter and Raasch 2002). As indicated
by the title of the present paper—which paraphrases the
title of the paper by Lenschow et al. (1994)—one may
wonder how large the horizontal domain should be. Be-
cause, as will be shown, if one waits long enough, do-
main size fluctuations will sooner or later start to play
an important, if not dominating, role.

Much research has been devoted to explain the de-
velopment of fluctuations at the mesoscales. These in-
vestigations have been carried out by various research
groups employing a variety of techniques, including ob-
servational, theoretical, experimental (Krishnamurti and
Howard 1981), and numerical methods (Sykes et al.
1988). Comprehensive reviews of contributions to this
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topic can be found in VanDelden (1992) and Atkinson
and Zhang (1996). Atkinson and Zhang discuss six dif-
ferent physical mechanisms that may be responsible for
the generation of mesoscale fluctuations. They include
the effects of anisotropy of eddy diffusivities, mesoscale
entrainment instability, boundary conditions, upscale
transfer of turbulent kinetic energy, gravity waves, and
latent heat. However, the authors conclude that the roles
and interplay of the processes in the evolution of me-
soscale shallow convection remain unclear and remark
that three-dimensional models, with domain sizes large
enough to capture the mesoscale structures in their larg-
er contexts and with spatial resolutions fine enough to
capture the internal behavior of the rolls and cells, prob-
ably offer the best opportunity for elucidating the mech-
anisms.

Examples of such numerical studies are reported by
Fiedler (1993), Fiedler and Khairoutdinov (1994), Müll-
er and Chlond (1996), Shao and Randall (1996), Dörn-
brack (1997), and Jonker et al. (1999a). Müller and
Chlond (1996) simulated a cold air outbreak using LES.
They concluded that diabatic processes such as latent
heat release due to condensation, but in particular ra-
diative cooling at the cloud top are essential ingredients
for cell broadening. By contrast, Dörnbrack (1997) re-
vealed that cell broadening also takes place in an LES
of the dry convective boundary layer. His simulation
was based on the so-called nonpenetrative dry boundary
layers, that is, a convective boundary layer with a rigid
lid on top. Dörnbrack concluded that additional heating
or cooling in the bulk of the CBL leads to a broadening
of convective cells due to an increase in the buoyancy
flux, which in turn enhances the total kinetic energy of
the flow. Note that the findings of Müller and Chlond
are in line with this conclusion since both radiative cool-
ing at the top of the boundary layer and latent heat
release tend to increase the buoyancy flux.

Recently it has turned out that the situation in the dry
penetrative convective boundary layer (mixed layer
capped by an inversion) is even more puzzling (Jonker
et al. 1999a). Passive scalar (inert tracer) fields appear
to undergo significant cell broadening, while at the same
time the dynamically active fields, including buoyancy,
do not broaden. In other words, the variance spectra of
the dynamical variables exhibit a peak at the scale of
the boundary layer depth, but simultaneously spectra of
tracer fields peak at much larger scales (mesoscales).
The scale enlargement of the tracer fields (i.e., shift of
the spectral peak to smaller wavenumbers) does not al-
ways occur, but was found to critically depend on the
flux geometry of the tracer, with the ratio between the
entrainment flux and the surface flux of the tracer as
the crucial parameter. Furthermore, in agreement with
the findings of Dörnbrack (1997), this study demon-
strated that even without diabatic processes like radia-
tion or latent heat release, mesoscale structures can de-
velop due to boundary layer convection only.

In this paper we will focus on the evolution of length

scales of both dynamical quantities as well as passive
scalars for a variety of different types of convective
boundary layers. As a means we have performed large-
eddy simulations on a large horizontal domain (25.6 3
25.6 km2), which appears to be large enough to capture
mesoscale structures. We follow a rather phenomeno-
logical approach: rather than focusing on the cause, we
try to identify the necessary ingredients for the gener-
ation of mesoscale growth and study which processes
enhance it. To this end, we will present results of a clear
convective boundary, a stratocumulus-topped boundary
layer, and three radiatively cooled (‘‘smoke cloud’’)
convective boundary layers (e.g., Bretherton et al.
1999). Length scales are determined from the
(co)variance spectra. We will consider the production
terms in the variance equations for the vertical velocity
and the virtual potential temperature. Since the buoy-
ancy flux is an essential element of both production
terms, we have applied a cooling rate at the top of a
clear convective boundary layer in order to systemati-
cally explore its role on the evolution of the length
scales. Finally we discuss the consequence of strong
mesoscale fluctuations in relation to the horizontal size
of the computational domain.

2. Setup of the simulations

a. Model formulation

The large-eddy simulations have been performed with
the Institute for Marine and Atmospheric Research
Utrecht/Royal Netherlands Meteorological Institute
(IMAU/KNMI) model (Cuijpers 1994; Siebesma and Cu-
ijpers 1995; VanZanten 2000). The filtered prognostic
equations for the resolved part of an arbitrary conserved
quantity x and the velocity ui read, respectively,

]u x ]u 0x 0]x j j
5 2 2 1 S , (1)x]t ]x ]xj j

]u u ]t]u g ]pi j i ji 5 (u 2 u )d 2 2 2 , (2)y 0 i3]t u ]x ]x ]x0 j i j

where and t ij are the subgrid flux terms and p isu0x 0j

the modified pressure (Deardorff 1973). In the LES
model the subgrid fluxes are expressed as the product
of an eddy viscosity or eddy diffusivity and the local
gradient of the resolved variable. The eddy diffusivities
of the passive scalars are identical.

Details of the simulations can be found in Table 1.
The horizontal spacing was 100 m and the vertical grid
spacings were Dz 5 20 m for the clear convective
boundary layers on 256 3 256 3 96 grid points and
Dz 5 15 m for the stratocumulus simulation on 256 3
256 3 80 grid points. The stratocumulus case is based
on observations made during the First International Sat-
ellite Cloud Climatology Project (ISCCP) Regional Ex-
periment (FIRE I; Albrecht et al. 1988; Hignett 1991).
Radiosonde observations have been used to initialize
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TABLE 1. Summary of the initialization values used for the large-eddy simulation of a convective boundary layer (CBL), stratocumulus,
and three radiatively cooled dry convective boundary layers (smoke 1–3). The subscript BL indicates a constant value within the boundary
layer, D the jump across the inversion, GEO the geostrophic wind velocity, d/dzFA the vertical gradient above the inversion in the free
atmosphere, and the subscript 0 the value of the flux at the surface. The variables c and f represent the bottom-up and top-down scalar,
respectively.

CBL Stratocumulus Smoke 1–3 Units

psurf

Inversion base
Inversion top
Ugeo

Vgeo

1040.0
810.0
830.0

0.001
0.0

1012.5
577.5
592.5

3.4
24.9

1000.0
850.0
870.0

0.0
0.0

hPa
m
m
m s21

m s21

d/dz^W&
^U&BL

D^U&
^V &BL

D^V&

0.0
0.001
0.0
0.0
0.0

21 3 1025

3.4
0.0

24.9
0.0

0.0
0.0
0.0
0.001

20.001

s21

m s21

m s21

m s21

m s21

^qt&BL

D^qt&
d/dz^qt&FA

^ul&BL

D^ul&

16.0
214.0

0.0
305.0

5.0

9.6
23.0
23.0
287.5
12.0

0.0
0.0
0.0

288.0
7.0

g kg21

g kg21

g kg21 km21

g kg21

K
d/dz^ul&FA

^c&BL

D^c&
d/dz^c&FA

^f&BL

12.26
1.0
0.0
0.0
1.0

7.5
1.0
0.0
0.0
1.0

0.0
1.0
0.0
0.0
1.0

K km21

km21

D^f&
d/dz^f&FA

^w9q &09l
^w9u &09t

0.1
0.0

1.366 3 1021

0.025

0.1
0.0

1.09 3 1022

0.0013

0.1
0.0
0.0
0.05

km21

(g kg21) (m s21)
m K s21

^w9u &09n
^w9c9&
^w9f9&
u*

0.053
0.001
0.0
0.01

0.0032
0.001
0.0
0.18

0.05
0.001
0.0
0.01

m K s21

m s21

m s21

m s21

the vertical mean profiles of the potential temperature
and the specific humidity (Duynkerke and Teixeira
2001). The stratocumulus case discussed in this paper
is representative for a nocturnal cloud deck since we
have not included solar radiative absorption in the LES
model. The longwave radiative flux F is computed from
the following expression,

2aLWP(x,y,z,z )tF(x, y, z) 5 DF e ,t (3)

where DFt is the longwave radiative flux jump, a 5
130 m2 kg21 a constant, zt the top of the model domain,
and LWP (x, y, z1, z2) the liquid water path in each
vertical model column between z1 and z2,

z2

LWP(x, y, z , z ) 5 r q (x, y, z) dz, (4)1 2 E 0 l

z1

with r0 5 1.14 kg m23 the mean density and ql the
liquid water content. In addition, we have performed
three simulations of clear convective boundary layers
in which the turbulence is driven both from the surface
as well as from the top by radiative cooling (smoke 1–
3). These cases are inspired by the smoke cloud case
discussed by Bretherton et al. (1999). The smoke cloud
can be interpreted as a stratocumulus cloud deck in
which latent heat release effects are excluded. Like stra-
tocumulus, the smoke cloud is cooled just below the

inversion (zi) by a variation of the longwave radiation
with height according to

2aS(z,z )iz # z : F(z) 5 DF e ,i t (5)

with a 5 0.02 m2 kg21 and the ‘‘smoke path’’ S
z2

S(z , z ) 5 sr dz 5 r (z 2 z ), (6)1 2 E 0 0 2 1

z1

since in this study we use a constant value for the smoke
concentration in the boundary layer, s 5 1, and s 5 0
above the inversion base. This approach leads to a cool-
ing rate that is horizontally homogeneous. This is im-
portant in our case since we want to prevent that per-
turbations in the horizontal temperature field can be in-
duced by horizontal fluctuations in the smoke field. By
excluding this direct feedback we can better focus on
effects due to changes in the shape of the heat flux
profile induced by radiation, an effect which, as will
turn out later, we consider much more relevant. The
values applied for DFt are summarized in Table 2.

b. Data analysis

1) FOURIER ANALYSIS AND LENGTH SCALE

ANALYSIS

The spectral characteristics of the LES fields in the
horizontal plane are analyzed from a Fourier transfor-
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TABLE 2. Summary of key quantities for the simulated convective boundary layers at t 5 8 h. Shown are the inversion height zi, the
convective velocity scale w* according to Eq. (26), the vertically integrated virtual potential temperature flux, the vertically integrated
variances for the vertical velocity and the virtual potential temperature. The vertical integration is applied over the whole vertical domain.
The dominant length scales presented for the vertical velocity and the virtual potential temperature, L^w9w9&,mid and respectively,L ,^u9 u9 &,midy y

represent values for the middle of the boundary layer (z/zi 5 0.5). Also shown are the values used for DF.

Case DFt (W m22) zi (m) w* (m s21)

^w9u9 & dzE y

(m2 K s21)

^w9w9& dzE
(m3 s22)

^u9u9 & dzE y y

(K2 m) L^w9w9&,mid /zi L /z^u9 u9 &,mid iy y

CBL
Smoke 1
Smoke 2
Smoke 3
Stratocumulus

0.0
20.0
40.0
60.0
70.0

1000
980

1020
1040

570

1.10
1.15
1.21
1.27
0.65

16.4
18.5
21.7
25.6

3.4

325.2
354.8
410.8
454.4

47.7

17.1
20.3
30.8
43.2
48.8

1.4
1.5
1.8
1.9
2.5

2.3
2.9
5.5
7.9

21.2

FIG. 2. Variance spectrum for the vertical velocity w in the middle
of the boundary layer, z /zi 5 0.5. For this specific example the spectral
peak is close to the critical wavenumber kc, above which a 2/3 fraction
of the total vertical velocity variance is located.

mation, which provides a two-dimensional matrix of the
(co)spectral density, Sab(kx, ky). The wavenumbers kx

and ky are then transformed to cylindrical coordinates
(k, u),

k 5 k cosu, k 5 k sinu,x y (7)

where k 5 ( 1 )1/2 and u 5 tan21(ky /kx), the angle2 2k kx y

between kx and ky (0 # u # p). Finally, the
(co)spectrum Sab(k) is obtained by integrating out the
dependency on u,

u5p

S (k) 5 S (k cosu, k sinu)k du. (8)ab E ab

u50

Note that the total (co)variance satisfies
`

^a9b9& 5 S (k) dk. (9)E ab

0

A convenient tool to investigate scale characteristics is
the ogive. For two arbitrary quantities a and b the ogive
Oab(k) is defined as the integral of the spectral density
between the wavenumber k and the Nyquist frequency
kNy (Oncley et al. 1996),

kNy

O (k) 5 S (k) dk. (10)ab E ab

k

Thus the ogive gives the contribution to the covariance
from all wavenumber components above wavenumber k.
Note that Oab(0) 5 ^a9b9&. To extract a length scale, we
first compute the critical wavenumber kc from

2
O (k ) 5 ^a9b9&, (11)ab c 3

indicating that 2/3 of the variance resides at wavenum-
ber higher than k c . Next we define the length scale
Lab as

L 5 1/k .ab c (12)

The interpretation is that 2/3 of the (co)variance resides
at scales smaller than Lab and 1/3 at scales larger than
Lab. The definition of Lab used is inspired by proba-
bility theory, where often a single parameter (modus,
mean, or median) must represent an entire density. The
procedure followed here is analogous to finding the
‘‘median’’ and has the advantage of being less sensitive
to noise than, for instance, determining the spectral peak
(‘‘modus’’). Figure 2 shows the length scale L^w9w9& for
the vertical velocity computed from its variance spec-
trum S^w9w9& in the middle of the clear convective bound-
ary layer. It is plotted in a log–linear fashion to account
for the logarithmic wavenumber axis; in this way the
area under the curve is equal to the total variance. The
figure explains the choice of 2/3 in Eq. (11) since the
spectral peak and kc generally coincide for this value.

2) THE PRINCIPLE OF THE SUPERPOSITION OF

VARIABLES

To diagnose the fields of an arbitrary passive scalar
x we will make use of the principle of superposition of
variables (Wyngaard and Brost 1984). Let x be given
by a linear superposition of two variables c and f and
an arbitrary constant c,

x 5 ac 1 bf 1 c. (13)

Note that the transport equation (1) of x is linear in x
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FIG. 3. Average vertical flux profiles for the virtual potential tem-
perature uy, the potential temperature u, and moisture qt in the CBL
during the last hour of the simulation (7 , t # 8 h). To show its
contribution to the virtual potential temperature flux, the moisture
flux has been multiplied by a factor 0.61^u&, according to Eq. (21).

(e.g., Jonker et al. 1999a). The boundary conditions for
the variable c are chosen such that it has a nonzero
surface flux, ^w9c9&0 ± 0, and a zero jump across the
inversion causes a vanishing entrainment flux. There-
fore, c is referred to as a bottom-up scalar. In contrast,
the top-down scalar f has a zero surface flux, ^w9f9&0

5 0, but a nonzero entrainment flux ^w9f9&T. This tur-
bulent flux is generated due to a jump D^f& initially
applied across the inversion. After applying Reynolds
decomposition on (13) and multiplication by w9 we can
express the vertical flux ^w9x9& as a function of the
bottom-up and top-down fluxes,

^w9x9& 5 a^w9c9& 1 b^w9f9&. (14)

It is convenient to define c and f such that they have
unit surface flux and entrainment flux, respectively. By
choosing appropriate values for a and b we can obtain
any arbitrary flux ratio r, which is defined as the ratio
of the entrainment to the surface flux of x, indicated by
the subscripts T and 0, respectively,

^w9x9&Tr 5 . (15)
^w9x9&0

As long as the jump across the inversion of the bottom-
up scalar is negligibly small, we have r ø b/a. However,
when the inversion jump Dc becomes significant, c can
no longer be considered as a ‘‘pure’’ bottom-up scalar
since its flux will not vanish at the boundary layer top. In
that case, we can reconstruct the field for a quantity with
flux ratio r 5 0, by letting the coefficient b satisfy

a^w9c9& 1 b^w9f9& 5 0.T T (16)

A general formula for the variance ^x92& can be ex-
pressed as

2 2 2 2 2^x9 & 5 a ^c9 & 1 b ^f9 & 1 2ab^c9f9&. (17)

Similarly one finds for the variance spectrum of x

2 2S (k) 5 a S (k) 1 b S (k) 1 2abS (k). (18)xx cc ff cf

This equation also implies that the length scale Lxx can
be derived from the spectra Scc(k), Sff(k) and the cospec-
trum Scf(k), for any choice of the variables a and b.

3. Results

a. The clear convective boundary layer

After 8 h of simulation the boundary layer depth (zi)
has risen to about 1000 m. Therefore, the aspect ratio
(the horizontal domain size divided by the depth of the
boundary layer) is about 25. Because of the large hu-
midity flux from the surface and by the influence of
moisture on the virtual potential temperature ac-
cording to

u 5 u(1 1 0.61q),y (19)

there is a rather strong deviation between the vertical

flux profiles of the virtual potential temperature and the
potential temperature. Since

u9 . u9 1 0.61^u&q9,y (20)

the virtual potential temperature flux reads, to a good
approximation,

^w9u9& 5 ^w9u9& 1 0.61^u&^w9q9&.y (21)

In Fig. 3 we show the vertical profile of the virtual
potential temperature flux ^w9 &, as well as the separateu9y
contributions to this flux from potential temperature,
^w9u9&, and from moisture, 0.61^u&^w9q9&.

Figure 4 contains snapshots of the u and uy fields in
the middle of the CBL at t 5 8 h. Quite remarkably,
this figure reveals that the typical length scales for these
quantities differ significantly. Both the vertical velocity
and the virtual potential temperature fields are domi-
nated by PBL depth structures, whereas the potential
temperature and the specific humidity fields appear to
be dominated by much larger length scales. On the basis
of Fig. 4 two important conclusions can be drawn. First,
mesoscale fluctuations can develop despite the fact that
in the vertical velocity field and the buoyancy field sim-
ilar structures appear to be nonexistent. Second, the
length scales of the potential temperature and the spe-
cific humidity on the one hand, and the length scale of
the virtual potential temperature on the other hand, differ
significantly, despite the fact that fluctuations of these
three quantities are intimately connected by (20). In-
terestingly, this finding implies that in the convective
boundary layer mesoscale fluctuations may not only be
present for passive scalars, as was already demonstrated
by Jonker et al. (1999a), but also for thermodynamically
active scalars like the temperature and moisture.

More quantitatively, in Fig. 5 the length scales of the
various quantities, calculated according to Eqs. (10)–
(12), are presented as a function of nondimensional
height. Regarding vertical velocity, the maximum of
L^w9w9&, about ;1.4zi, is located just above the middle
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FIG. 4. Contour plots of (upper left) the vertical velocity, (upper right) the virtual potential temperature, (lower left)
the potential temperature, and (lower right) the specific humidity in the middle of the CBL (z /zi 5 0.5) at t 5 8 h.

of the boundary layer. It corroborates the notion that the
vertical velocity variance is dominated by eddies that
have scales on the order of the boundary layer depth.
The variation of L^w9w9& with height corresponds well
with observations discussed by Kaimal et al. (1976) who
showed that the spectral peak in the vertical velocity
spectrum moves to larger wavelengths with increasing
distance from the ground. Khanna and Brasseur (1998)

determined the characteristic length scale from the in-
tegral length scale whereas Mason (1989) computed the
value of the horizontal separation at which the two-point
correlation for the vertical velocity has fallen to 0.36.
The results of those LES studies compare well with the
shape of the vertical profile of L^w9w9&. Furthermore, the
LES results are in line with observations collected from
aircraft in clear convective boundary layers. In general,
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FIG. 5. Length scales normalized by the boundary layer depth
(L/zi) as a function of dimensionless height (z /zi) for the CBL at t
5 4, t 5 6, and t 5 8 h. Shown are the length scales for the vertical
velocity L^w9w9&, the virtual potential temperature L , and the total^u9 u9&y y

specific humidity L . Line styles are according to the legend and^q9q9&t t

are the same for the three variables. The arrows point to the length
scales for the three different variables. The length scales for the
vertical velocity are the smallest and are nearly identical, the virtual
potential temperature length scales decrease slightly with time, where-
as the length scales for the total specific humidity are much larger
and increase significantly with time.

FIG. 6. Evolution of the length scale normalized by the boundary
layer depth (L/zi) in the middle of the CBL (z /zi 5 0.5) for the vertical
velocity L^w9w9&, the virtual potential temperature L , the potential^u9 u9&y y

temperature L^u9u9&, and the total specific humidity L . The lower^q9q9&t t

x-axis scale indicates the normalized, nondimensional time, t 5
tw

*
/zi. Line styles are according to the legend.

the vertical velocity spectrum is found to be dominated
by eddies on order of the boundary layer depth (Nicholls
1978; Nicholls and LeMone 1980; Young 1987).

The length scale of uy is bit larger than that of w, but
does not increase in time. By contrast, the length scales
of moisture and potential temperature (not shown) are
much larger, and increase significantly with time. Figure
6 conveys a similar message: the mid-PBL length scales
of w and uy are stationary and scale well with zi, whereas
the length scales of q and u continue to grow. This will
proceed until the domain size exerts its influence, pro-
hibiting further growth.

The disparity in the length scale behavior of different
variables in the CBL has already been discussed by
Jonker et al. (1999a). They stressed the importance of
the corresponding flux profile and studied the length
scale behavior as a function of the flux ratio—the ratio
of the entrainment flux to the surface flux. In the middle
of the CBL they found a distinct minimum length scale
for a flux ratio near r ø 20.5. We have conducted a
similar analysis, the results of which are displayed in
Fig. 7. Employing the superposition method, described
in section 2, we calculated the length scale of the con-
served variable x for various flux ratios [see (15)] at t
5 8 h. To show the entire range of flux ratios, we have
made use of the ‘‘angle’’ w:

1
w 5 arctan . (22)1 2r

For flux ratios | r | . 1 the dominant length scale L .
4zi. Recall that the figure is computed from the instan-
taneous fields at t 5 8 h, meaning that after a longer
simulation time even larger length scales will be found.
Furthermore, note that there is no symmetry around r 5

0. A range of minimum length scales between zi , L ,
2zi can be found at a flux ratio r ø 20.25. This is the
flux ratio of uy (see Fig. 3) and falls within the range of
values typically found for the buoyancy flux (e.g., Stull
1988). In Fig. 7 we have also indicated the position (in
terms of flux ratio) of the variables q and u.

Examples of (co)spectra of the bottom-up and top-
down scalars, the virtual potential temperature and the
vertical velocity for the CBL are shown in Fig. 8. The
presence of mesoscale fluctuations for the bottom-up
and top-down scalars is well illustrated from the re-
spective spectral density maxima after 8 h of simulation,
which are located at about k ø 2 3 1024 m21 (;5 km)
for both quantities. Note, however, that the turbulent
fluxes of these quantities are dominated by smaller
scales, as revealed by the cospectra shown in Fig. 8b.

With the superposition principle it can be illustrated
why the bottom-up and top-down scalars exhibit me-
soscale fluctuations in contrast to the virtual potential
temperature. With the appropriate values of a and b, Eq.
(18) enables the reconstruction of the virtual potential
temperature spectrum from the bottom-up and top-down
spectra. Although the variance spectra for both the bot-
tom-up and top-down scalars have a positive contri-
bution at large scales, this is counteracted by the co-
variance term (since b 5 20.25a). It means that for the
buoyancy the mesoscale fluctuations generated sepa-
rately by the surface and entrainment fluxes are anti-
correlated to such an extent that they cancel (see Fig.
9). The strong anticorrelation has interesting conse-
quences, on which we will come back below.

Rather than in terms of bottom-up and top-down pro-
cesses, a more physical decomposition of uy fluctuations
is given by (20) where they are expressed in terms of
potential temperature and moisture fluctuations. Clearly,
both q and u exhibit a significant amount of variance
at the mesoscales, as illustrated by their respective
length scales depicted in Fig. 6a or by their spectra in
Fig. 8. However, when they are linearly combined ac-
cording to (20), the mesoscale contributions apparently
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FIG. 7. Length scales normalized by the boundary layer depth (L/zi) in the CBL at t 5 8 h. The length scales are shown
as a function of the dimensionless height (z /zi) and the flux ratio angle w according to Eq. (22). The lower x-axis label
indicates a few corresponding flux ratios r, and the corresponding vertical flux profiles are displayed below. In addition, the
flux ratios for the virtual potential temperature uy, the potential temperature u, and the specific humidity q are indicated by
the vertically pointing arrows.

vanish. From (20) an expression for the variance spec-
trum of uy can be derived similar to (18):

2S (k) 5 S (k) 1 (0.61^u&) S (k)u u uu qqy y

1 2 3 0.61^u&S (k). (23)uq

The lack of mesoscale variance in uy implies directly
that q and u fluctuations must be anticorrelated to a high
degree in that scale range. Indeed, if one equates the
left-hand side of (23) to zero, the Fourier coefficients
must satisfy (k) 5 20.61^u&q̂(k). This, in turn, impliesû
two things for the mesoscale range. First, the variance
spectra of potential temperature and specific humidity
are isomorph:

2S (k) 5 (0.61^u&) S (k),uu qq (24)

and second, the mesoscale fluctuations of q and u must
be completely anticorrelated: the spectral correlation co-
efficient ruq(k) 5 21 for k K 1/zi, where

S (k)uq
r (k) 5 . (25)uq ÏS (k)ÏS (k)uu qq

That this is indeed the case can be observed from Fig.

9, which shows that at mesoscales ruq has values close
to 21. In this context it is interesting to note that there
is a direct analogy with the ocean mixed layer. Obser-
vations show that the temperature and salinity gradients
on horizontal scales of 20 m to 10 km tend to compen-
sate in their effect on the density (Rudnick and Ferrari
1999).

It must be emphasized that (24) and the strong an-
ticorrelation are a consequence of the fact that both u
and q contain significant mesoscale fluctuations. This
depends on the flux ratios ru and rq. In Fig. 7 we have
indicated the position of ru and rq based on the present
case. In the appendix we derive equations that express
the flux ratios in terms of surface fluxes and inversion
jumps of u and q. Different boundary and jump con-
ditions will therefore yield different flux ratios. By using
Fig. 7 in combination with Eqs. (A3) and (A4), one can
predict whether or not the new conditions will give rise
to significant mesoscale fluctuations in q and/or u.

b. Stratocumulus
The growth of the cloud scales in the simulation of

the stratocumulus layer is illustrated from the liquid
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FIG. 8. (Co)variance spectra S multiplied by the wavenumber k in
the middle of the CBL (z /zi 5 0.5) at t 5 8 h. (a) Spectra for the
bottom-up (sbu) and top-down (std) scalars and their cospectrum. (b)
Cospectrum of the bottom-up and top-down fluxes. (c) Spectra for
the vertical velocity and virtual potential temperature, and their co-
spectrum. The wavenumber corresponding to the reciprocal of the
boundary layer depth zi is indicated by the vertically pointing arrow.

FIG. 9. Spectral correlation coefficient between the specific hu-
midity and the potential temperature r . The wavenumber corre-uq

sponding to the reciprocal of the boundary layer depth zi is indicated
by the vertically pointing arrow.

water path images shown in Fig. 10. During the first 4
h of the simulation the cloud structures are organized
in straight elongated coherent patterns that are approx-
imately oriented along the mean wind vector. After 6 h
the stratocumulus cloud is more cellular in its appear-
ance, the typical cloud cell sizes are on order 5 ; 10
km.

Figure 11 shows that in the middle of the stratocu-

mulus-topped boundary layer the length scale for the
vertical velocity field exceeds twice the boundary layer
depth and is, therefore, considerably larger than in the
clear convective boundary layer. But the most important
difference concerns the buoyancy fluctuations. In the
CBL most of the buoyancy variance was contained by
eddies of the order of the boundary layer depth, but for
the stratocumulus case mesoscale fluctuations are clear-
ly dominant (Fig. 11b).

An example of the time evolution of the variance in
the middle of the boundary layer for several variables
is shown in Fig. 12. The vertical velocity variance shows
some relatively small fluctuations with time but there
is no significant trend, indicating that the dynamical
structure of the boundary layer is in an approximate
steady state. The virtual potential temperature variance
increases with time, as is the case for the variance of
the total specific humidity and the bottom-up scalar. In
contrast, the change in the variance of the top-down
scalar is only minimal.

After 2 h of simulation the length scale of the vertical
velocity field in the middle of the boundary layer be-
comes approximately constant with time, L^w9w9& 5 2.5zi,
as can be seen in Fig. 13a. The length scales for all the
other quantities shown in the same figure increase with
time. After 8 h the top-down scalar has a length scale
L ø 13zi, while for the virtual potential temper-^s 9 s 9 &td td

ature L ø 22zi.9^u u 9 &y y

An important consequence of the strong mesoscale
fluctuations concerns their impact on the vertical con-
vective transport: the vertical fluxes of various quantities
have a significant contribution from these scales as well.
For example, Fig. 13b shows that at the end of the
simulation one-third of the total vertical flux of moisture
is located at length scales larger than L ø 9zi. The^w9q 9&t

figure also reveals that one-third of the total buoyancy
flux results from fluctuations with length scales larger
than L ø 15zi.^w9u 9 &y

Finally, as a generalization of these results, Fig. 14
shows that mesoscale fluctuations in the variance spectra
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FIG. 10. The liquid water path of the stratocumulus simulation at t 5
4, 6, and 8 h. The units of the numbers of the scale bar are kg m22.

are present at all levels in the boundary layer and for
all flux ratios.

c. The radiatively cooled (smoke cloud) convective
boundary layers

Obviously, there are significant differences in the
length scale behavior between the CBL and the stra-
tocumulus case. Because the dynamical structure of stra-
tocumulus is complicated due to the combination of
latent heat release effects and longwave radiative cool-
ing, it is difficult to assess the importance of a single
mechanism on the length scale evolution. In contrast,
the only difference between the smoke cloud and the
CBL is the longwave radiative cooling at the top of the
boundary layer such that any observed difference can
be ascribed to radiative cooling.

The length scales L^w9w9& and L for the three^u 9 u 9 &y y

smoke cloud cases are presented in Fig. 15. It is clear
that longwave radiative cooling supports an increase in
the length scales for w and uy. Both length scales are
larger than found in the CBL but smaller than for stra-
tocumulus.

These results are in qualitative agreement with the
findings of Dörnbrack (1997) and Müller and Chlond
(1996). Dörnbrack compared the length scale evolution
for a convective boundary without entrainment, in ad-
dition to a boundary layer that was radiatively cooled.
In the latter case, Dörnbrack found an increase in the
growth rate of the thermal scales. Also, Müller and
Chlond concluded that, in particular, longwave radiative
cooling was a major process responsible for cell broad-
ening, which was corroborated by Shao and Randall
(1996) on the basis of two-dimensional model simula-
tions.

Shao and Randall (1996), Müller and Chlond (1996),
and Dörnbrack (1997) proposed various mechanisms ex-
plaining cell broadening. Dörnbrack, for example, con-
cluded that broad temperature variances were caused by
an increase in the vertical buoyancy flux profile and a
subsequent increase in the turbulent kinetic energy due
to cooling at the top of the boundary layer. Müller and
Chlond (1996) and Shao and Randall (1996) suggested
that an enhanced difference between the temperature in
the updrafts and downdrafts, which may be caused by
latent heat release effects as well, requires more heating
from below in order to generate a positively buoyant
updraft. This results in a longer average horizontal path
of air parcels moving just above the warm sea surface
thereby increasing the aspect ratio of the convection
cells.

All these mechanisms proposed have in common that
cell broadening can be explained by changes in the ge-
ometry of the buoyancy flux, in particular by an increase
in the convective velocity scale w* (see Table 2). In this
study, it appears that cell broadening in the radiatively
cooled convective boundary layers is caused by an en-
hancement of the buoyancy flux in the boundary layer,
that is, an increase in the convective velocity scale w*:
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FIG. 11. Length scales normalized by the boundary layer depth
(L/zi) as a function of dimensionless height (z /zi) for the STBL at t
5 4, 6, and 8 h. Shown are the length scales for (a) the vertical
velocity L^w9w9& and (b) the virtual potential temperature L . Line^u9 u9&y y

styles are according to the legend displayed in the (a).

1/3Hg
w* 5 2.5 ^w9u9& dz , (26)E y1 2u0 0

with H the top of the boundary layer. Recall that the
surface buoyancy flux for the radiatively cooled con-
vective boundary layers is nearly the same as for the
surface-driven CBL. In agreement with this notion are
the findings by Fiedler and Khairoutdinov (1994), who
concluded that for a boundary layer with a constant
(positive) buoyancy flux mesoscale fluctuations in
^ & grow much more rapidly than for a CBL. As men-2u9y
tioned in the introduction, this paper follows a rather
phenomenological approach. We do not focus on the
cause but merely on the necessary ingredients for me-
soscale generation, as well as on the consequences of
it. In the next section we will briefly discuss a few
observations which we consider relevant. In particular,
the role of the buoyancy flux and the mean vertical
stability will be discussed. Next we raise the issue of
the lateral domain size.

4. Discussion

a. Variance production

The relevance of the buoyancy flux on the production
of variance of the dynamic quantities is obvious since
it is the primary production term in the variance equa-
tions for w and uy (Stull 1988),

]^w9w9& g ]^w9w9w9&
5 2 ^w9u9& 2y]t u ]z0

2 ]p9
2 w9 2 2e , (27)w7 8r ]z0

]^u9u9& ]^u & ]^w9u9u9&y y y y y5 22^w9u9& 2 2 2e , (28)y uy]t ]z ]z

where the third-order moments represent transport
terms, ew and e represent net losses due to eddy vis-uy

cosity, and the pressure term in (27) acts to redistribute
vertical momentum into horizontal directions. In (28)
we have neglected the effect of diabatic sources or sinks
such as horizontally inhomogeneous radiation or latent
heat release effects. After combining the production
terms in (27) and (28), indicated by P and P , re-2 2w uy

spectively, we find

21g g ]^u &yP 5 2 ^w9u9& 5 2 P . (29)2 2w y uy1 2u u ]z0 0

Note that for the spectral space an identical relation is
applicable. Equation (29) indicates that only at levels
where the boundary layer is unstably stratified a positive
buoyancy flux acts to generate fluctuations of ^ & and2u9y
^w92& simultaneously. Because entrainment of warm air
from above the inversion stabilizes the upper part of the
CBL, this implies that P and P no longer work in2 2w uy

concert. In particular, in the upper part of the CBL a
negative buoyancy flux tends to dampen ^w92&, but due
to the stable stratification ^ & is produced. The opposite2u9y
occurs in the so-called countergradient flux regime, a
layer in the middle of the CBL where the vertical flux
and the vertical mean gradient of uy have the same sign
(Holtslag and Moeng 1991).

To compute the production rate of variance P for2x

any arbitrary scalar, we can apply the linear superpo-
sition principle,

]^x&
P 5 22^w9x9&2x ]z

]^c& ]^f&
2 25 22a ^w9c9& 1 r ^w9f9&1 ]z ]z

]^f& ]^c&
1 r^w9c9& 1 r^w9f9& , (30)2]z ]z

where we used Eqs. (13) and (14). It is found that the
production term P can obtain a negative value. In par-2x

ticular, P , 0, for negative flux ratios only. For 212x
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FIG. 12. Variance evolution in the middle of the STBL (z /zi 5 0.5)
for the vertical velocity w, the virtual potential temperature uy, the
total specific humidity qt, and the bottom-up sbu and top-down std

scalars. The lower x-axis scale indicates the normalized, nondimen-
sional time, t 5 tw

*
/zi. The variances are normalized by their re-

spective maximum values. Line styles are according to the legend.

FIG. 13. Evolution of the length scale normalized by the boundary
layer depth (L/zi) in the middle of the STBL (z /zi 5 0.5). The lower
x-axis scale indicates the normalized, nondimensional time, t 5
tw

*
/zi: (a) variance, (b) flux. Line styles are according to the legend.

, r , 0, the depth of the vertical layer where the pro-
duction term is negative is most significant (de Roode
et al. 2002). This finding is likely to be connected to
the asymmetry in the length scales in the CBL around
r 5 0 shown in Fig. 7.

The change in the geometry of the buoyancy flux
affects the variances for w and uy, of which the vertically
integrated values after 8 hours of simulation are sum-
marized in Table 2. It shows that both the vertical ve-
locity variance as well as the virtual potential temper-
ature variance are enhanced if the cooling rate at the
top of the boundary layer is increased. Moreover, this
corresponds to an increase in the length scales in the
middle of the boundary layer for these two quantities
(Fig. 15). Figure 16a corroborates the notion that en-
hanced virtual potential temperature fluxes in the inte-
rior of the boundary layer lead to an increase in the
vertical velocity variance, as is the case for the smoke
cloud simulations. The increase in vertically integrated
uy variance for the smoke cloud cases appears to be
mainly caused by a larger production rate of variance
in the inversion layer, as is shown in Figure 16b.

Besides longwave radiative cooling, the stratocu-
mulus case is also affected by wet-thermodynamics. If
the total water content exhibits mesoscale fluctuations,
this can directly lead to mesoscale fluctuations of the
virtual potential temperature. As a reason, in saturated
conditions uy fluctuations read (Nicholls 1984)

Lyu9 5 bu9 1 b 2 ^u & q9, (31)y l y t1 2cp

with b ; 0.52 a weak function of temperature, L y the
latent heat of vaporization, and cp the specific heat of
dry air at constant pressure. Multiplication of (31) by
w9 and slab averaging gives an identical expression
for ^w9 &. As is shown in Fig. 17 for the middleu 9y
of the cloud layer, the total water flux gives the dom-
inant contribution to the virtual potential temperature
flux in the cloud layer. This implies that the contri-

bution of to is negligibly small, and conse-u 9 u 9l y

quently ø [b(L y /cp ) 2 ^uy&] . Because in the cloudu 9 q9y t

layer we find that P . 0, the strong connection between2qt

qt and uy fluctuations implies that both quantities have
a positive variance production rate. This is a major dif-
ference with the interior of the CBL for which uy fluc-
tuations are damped by a negative production rate, P 2uy

, 0. The fact that w fluctuations do not become dom-
inated by mesoscale fluctuations means that pressure
fluctuations must be very efficiently redistributing ver-
tical velocity fluctuations into horizontal directions.
Nevertheless, the net effect is that in stratocumulus rel-
atively more energy of the vertical velocity is present
at mesoscales in comparison to the CBL. Since the pro-
duction rate of variance is proportional to the magnitude
of the vertical velocity fluctuations, one can appreciate
why the mesoscale contribution to the (passive/active)
scalar variance is much larger in the stratocumulus case.
The second mechanism that supports the growth of uy

perturbations is the longwave radiation field, which in
the stratocumulus case depends on the local liquid water
path and therefore causes a horizontally inhomogeneous
cooling. Last, fluctuations in the horizontal wind field
are produced by wind shear near the surface, which may
affect the structure of the vertical velocity field.

b. The LES horizontal domain size: How large is
large enough?

In all LES cases considered, the evolution of signif-
icant mesoscale fluctuations was observed. Even in the
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FIG. 14. Length scales normalized by the boundary layer depth (L/zi) in the STBL at t 5 8 h. The length scales are shown
as a function of the dimensionless height (z /zi) and the flux ratio angle w according to Eq. (22). The lower x-axis label indicates
a few corresponding flux ratios r, and the corresponding vertical flux profiles are displayed below. In addition, the flux ratio
for the total specific humidity is indicated by the vertically pointing arrow.

CBL, where the buoyancy field does not exhibit sig-
nificant broadening, dynamically active scalars such as
moisture and potential temperature acquire dominating
mesoscale fluctuations. In Figs. 6 and 13a one observes
that the length scale growth is a rather slow yet steady
process. This shows the importance of the lateral domain
size: sooner or later the effect of the lateral boundaries
will be felt as they constrain further increase of the
horizontal length scales.

To show the role of the domain size on the devel-
opment of the variance spectra three additional strato-
cumulus cases have been simulated on different domain
sizes, namely, 3.2, 6.4, and 12.8 km. The horizontal grid
resolution is taken the same as for the large domain
simulation. Figure 18 displays the variance spectra of
the vertical velocity and specific humidity. On the basis
of the vertical velocity spectrum a domain size of 3.2
km seems sufficient since for wavenumbers smaller than
1023 m21 the contribution to the variance decreases rap-
idly, implying that the most energetic eddy sizes are
well resolved in the simulation. In contrast, the total
specific humidity variance spectrum points out that the
location of the spectral peak coincides with the domain
size, except for the simulation on the largest horizontal
domain. Because in the spectral space the qt fluctuations

grow predominantly on the mesoscales, their contri-
bution to the total variance will become increasingly
important. Obviously, if the horizontal domain size is
too small such that these mesoscale fluctuations cannot
be represented, this will lead to an underestimation of
the variance.

It is important to note that the mesoscale fluctuations
also have a gradually increasing contribution to the ver-
tical transport (fluxes), as revealed by Fig. 13b: one-
third of the buoyancy flux is governed by scales larger
than 15zi (9 km), for example, and considering the evo-
lution in time, this number will continue to increase.
The same holds for the transport of moisture, potential
temperature, and passive scalars (chemical species, pol-
lutants, etc).

The strong impact of mesoscale fluctuations on the
vertical transport touches upon an important issue at the
core of the LES concept. Briefly, the philosophy of LES
is that the transport is primarily carried out by the most
‘‘energetic’’ eddies. These eddies, which have a typical
scale on the order of the PBL depth, are therefore fully
resolved in the simulation, while eddies smaller than a
predefined filter size are modeled. However, the essen-
tial point to be made here based on the results presented
is that the ‘‘mesoscale eddies’’ are hardly energetic as
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FIG. 15. Length scales normalized by the boundary layer depth
(L/zi) as a function of dimensionless height (z /zi) for the radiatively
cooled convective boundary layers (smoke 1–3) at t 5 8 h. Shown
are the length scales for (a) the vertical velocity L^w9w9& and (b) the
virtual potential temperature L . In addition, the length scales for^u9 u9&y y

w and uy in the CBL, and w in the STBL are shown to facilitate easy
comparison. Line styles are according to the legend.

FIG. 16. Vertical mean profiles during the last hour of the simulation
(7 , t # 8 h). (a) The virtual potential temperature flux. (b) The
production term of ^ & variance. Line styles are according to the2u9y
legend.

FIG. 17. Covariance spectra S in the middle of the stratocumulus
cloud layer (z /zi 5 0.75) at t 5 8 h for the vertical fluxes of the
virtual potential temperature uy , and for the total specific humidity
qt and the liquid water potential temperature ul multiplied by factors,
according to (31), to give their contribution to the virtual potential
temperature flux. The wavenumber corresponding to the reciprocal
of the boundary layer depth zi is indicated by the vertically pointing
arrow.

can be seen in the w variance spectra (e.g., Figs. 2 and
18a), yet they do have a big impact on the variance and
transport of nearly all quantities (Figs. 6, 13, and 15).
The cure is simple, though: the lateral domain size
should be chosen large enough to resolve these large-
scale fluctuations so as to allow for their (autonomous)
development.

The answer to the question raised in the title depends,
on the one hand, on the type of convection to be sim-
ulated and the kind of physical question one wishes to
address, and, on the other hand, the total simulation
time. If one aims to investigate the dynamics of a dry
CBL, that is, one without moisture, a rather small hor-
izontal domain size suffices since the dominant length
scale of the buoyancy field is about (1 ; 2)zi and hardly
changes with time. However, if one incorporates mois-
ture or passive scalars to study their turbulent transport,
it seems necessary to increase the horizontal domain
size. The evolution of large scales is slow, but steady;
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FIG. 18. Variance spectrum S multiplied by the wavenumber k just
above the stratocumulus cloud base (z /zi 5 0.6) for four different
domain sizes (L). (a) The vertical velocity w, and (b) the total specific
humidity qt. Line styles are according to the legend in the upper
panel. The wavenumber corresponding to the reciprocal of the bound-
ary layer depth zi is indicated by the vertically pointing arrow.

larger scales take more time to develop. Phrased dif-
ferently, if one has chosen a relatively long integration
time, the domain size should be relatively large. Sim-
ulations of the CBL on longer time scales can be relevant
for mixed layers that are advected over the oceans by
the mean wind. Such conditions may favor the formation
of shallow cumulus clouds, the typical scale of which
will be determined by the distribution of heat and mois-
ture in the subcloud layer (Jonker et al. 1999b). The
evolution of length scales in the stratocumulus-topped
boundary layer appears to be more dramatic. Whether
the horizontal domain size is large enough is easily as-
sessed by calculating the variance and covariance spec-
tra and considering the contribution from the large
scales (order domain size). One might be momentarily
pleased with a spectral power law (say k25/3) extending
all the way to the smallest wavenumber, but in our view
such a result is indicative of an insufficiently large lat-
eral domain.

For a boundary layer that is in a quasi-steady state,
the vertical fluxes of conserved variables vary linearly
with height, and are thus determined by the fluxes at
the bottom and the top of the boundary layer. Since the

vertical gradient of the vertical flux determines the ten-
dency of the mean quantities, it is reassuring in this
context that the horizontal domain size appears to have
only a limited influence on the temporal evolution of
mean quantities. For the CBL we find that the horizontal
slab-mean value of the vertical flux of any arbitrary
quantity is only marginally modified, although its pre-
cise spatial distribution may depend on the horizontal
domain size. Although for different horizontal domain
sizes there appears to be more variation in the results
for the buoyancy flux and the vertical velocity variance
in stratocumulus, quantities like the cloud-base and
cloud-top height evolution seem not to be very sensitive.

5. Summary and conclusions

Several large-eddy simulations performed on a large
horizontal domain (25.6 3 25.6 km2) have been dis-
cussed.

A clear convective boundary layer in which the sur-
face fluxes of moisture and potential temperature equal-
ly contribute to the surface buoyancy flux has been stud-
ied. It is found from the variance spectra of the virtual
potential temperature and the vertical velocity that the
most energetic eddies have scales with sizes on the order
of the boundary layer depth. In contrast, for the same
case both the specific humidity as well as the potential
temperature field exhibit significant mesoscale fluctua-
tions. At these scales specific humidity and potential
temperature fluctuations are anticorrelated to a high de-
gree.

Mesoscale fluctuations are also dominating the var-
iance spectra of bottom-up and top-down scalars in the
clear convective boundary layer. By means of a linear
superposition of variables, the variance spectrum of any
arbitrary conserved passive scalar could be reconstruct-
ed. The variance spectra of variables with different en-
trainment to surface flux ratios (r) were analyzed. It was
shown that for flux ratios in the range near r ø 20.25,
the mesoscale fluctuations from the bottom-up and top-
down fields nearly completely cancel each other. There-
fore, only for flux ratios close to this number the var-
iance spectra are dominated by fluctuations with scales
of the order of the boundary layer depth, whereas for
any other flux ratio mesoscale fluctuations become sig-
nificant.

In stratocumulus, all scalars (active and passive) be-
come dominated by mesoscales fluctuations, including
the virtual potential temperature. Also, the length scale
for the vertical velocity in the stratocumulus-topped
boundary layer is larger than in the clear convective
boundary layer.

Consideration of the production terms in the prog-
nostic variance equations for the vertical velocity and
the virtual potential temperature reveals the importance
of the vertical stability of the CBL. For an unstable
stratification, a positive virtual potential temperature
flux acts to produce both vertical velocity as well as
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virtual potential temperature variance. In contrast, for a
stable stratification production of either virtual potential
temperature variance or vertical velocity variance is sup-
pressed. Because there is a stable stratification in the
middle of the CBL, the positive virtual potential tem-
perature fluxes lead to a destruction of virtual potential
temperature variance.

The geometry of the buoyancy flux was manipulated
by cooling the clear convective boundary layer from the
top in addition to a positive buoyancy flux at the surface.
We found that the length scales of both vertical velocity
as well as virtual potential temperature tend to increase
if the (horizontally homogeneous) cooling rate is am-
plified. These simulations corroborate results from other
studies that showed that latent heat effects due to con-
densation/evaporation are not a necessary ingredient re-
sponsible for the generation of cell broadening (Fiedler
and Khairoutdinov 1994; Shao and Randall 1996; Müll-
er and Chlond 1996; Dörnbrack 1997). Although var-
ious mechanisms were proposed in these papers, the
cases studied have in common that broader cells seem
to be related to changes in the geometry of the buoyancy
flux. In particular, in this study it appears that cell broad-
ening is caused by an increase in the convective velocity
due to enhanced buoyancy fluxes in the interior of the
boundary layer. For the radiatively cooled convective
boundary layers the increase in the vertical velocity var-
iance is likely to be attributed to this mechanism, where-
as the production of virtual potential temperature var-
iance is most notably increased near the inversion layer.

For the stratocumulus case, evaporation and conden-
sation of cloud liquid water droplets affect the buoyancy
flux. For the stratocumulus case studied it is found that
the positive buoyancy flux in the middle of the cloud
layer is dominated by the total specific humidity flux,
and the contribution of the liquid water potential tem-
perature flux to the buoyancy flux is negligibly small.
Therefore, if the total specific humidity has fluctuations
at mesoscales, this will directly enforce mesoscale fluc-
tuations in the buoyancy.

The CBL results reveal that diabatic effects, such as
radiation and latent heat release, are not essential for
the generation of mesoscale fluctuations. This holds not
only for passive scalars, but also for dynamically active
scalars as potential temperature and specific humidity.
Diabatic effects are important, though, for speeding up
and enhancing the process. The magnitude of the ver-
tical velocity fluctuations in the mesoscale range plays
an important role in determining the growth rate of the
variance for (passive/active) scalars at the mesoscales.
We have shown that mesoscale fluctuations in the ver-
tical velocity get enhanced if processes like radiative
cooling or latent heat release effects are included, and
this is found to coincide with an increasing importance
of mesoscale fluctuations in the variance spectra of pas-
sive scalars.

The simulations of the clear and the radiatively cooled
CBLs show that the autonomous development of me-

soscale fluctuations is apparently inherent to buoyancy-
driven convection. Although the magnitude of vertical
fluxes does not depend very much on the horizontal
domain size, mesoscale fluctuations affect the spectral
distribution of the vertical transport, but more impor-
tantly, they can have a strong impact on the variance
of various quantities. The location of the spectral peak
of any arbitrary quantity at the end of the simulation
can be regarded as a check whether the domain size is
sufficiently large. If the spectral peak is located nearby,
or even at the domain size, then the lateral domain size
is unmistakably too small. In that case, the length scale
will be erroneously constrained by the horizontal do-
main size of the model. We showed that a large domain
size is not necessary if one aims to study the dynamics
of a clear CBL, that is, one without moisture, since the
dominant length scale of the buoyancy is about (1 ;
2)zi, and hardly changes with time. In contrast, if one
includes moisture or passive scalars to study their tur-
bulent transport, one needs to increase the horizontal
domain size. In the stratocumulus-topped boundary lay-
er length scales of passive scalars grow more rapidly
than in the CBL. In addition, the length scale of the
buoyancy is also found to increase with time. These
findings suggest that to study turbulence in stratocu-
mulus clouds with an LES model a much larger hori-
zontal domain size is recommended.

A steady growth of length scales has various impli-
cations for modeling and observational studies. If there
is no well-defined spectral gap present in the variance
spectrum of an arbitrary quantity, the separation be-
tween the subgrid and resolved contributions to the var-
iance or its vertical flux is not straightforward. For a
numerical weather prediction model this problem can
become relevant if it has a horizontal grid spacing on
the order of ;10 km. Also, the lack of a well-defined
spectral gap complicates the analysis of turbulence ob-
servations in the atmosphere since data are usually fil-
tered to separate the turbulence from the mesoscale per-
turbations. Another important finding is that the vari-
ance is often not in a steady state. Such second-order
moments are sometimes needed for microphysical or
radiative computations in large-scale models, and sim-
ple assumptions like a balance between the production
and dissipation of variance may lead to erroneous es-
timations.

The findings presented here are entirely based on
modeling results. In general, it is difficult to verify the
simulated length scale evolutions against observations
made in the atmosphere. For example, fluctuations on
any scale of any quantity will be caused if the surface
and entrainment fluxes are horizontally inhomogeneous.
To tackle these kind of problems one may perform ex-
periments with a convective mixed layer in a laboratory
tank (Deardorff and Willis 1985). If one utilizes a saline
convection tank, as discussed by Hibberd and Sawford
(1994), colored dye can be used to mimic a bottom-up
or top-down scalar. A first goal of such an experiment
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would be to demonstrate that fluctuations of the latter
tend to grow on scales much larger than the boundary
layer depth.
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APPENDIX

Flux Ratios of Temperature and Specific Humidity

For a boundary layer that is capped by an infinites-
imally thin inversion layer, the turbulent flux at the top
of the mixed layer is given by,

^w9x9& 5 2w D^x&.T e (A1)

By (15) the entrainment rate can then be expressed as

^w9u9&y 0w 5 2r . (A2)e uy Duy

Typical values in the CBL are r ø 2 0.1, . . . , 20.3.uy

Assuming that both the inversion jumps D^q&, D^u& and
the surface fluxes ^w9q9&0, ^w9u9&0 are given, one can
derive the flux ratios ru and rq with aid of (21), (A1),
and (A2):

0.61^u&^w9q9& 01 1 ^w9u9& 0r 5 r and (A3) u uy 0.61^u&D^q& 1 1
D^u& 

^w9u9& 01 1 0.61^u&^w9q9& 0r 5 r . (A4) q uy D^u& 1 1
0.61^u&D^q& 

In clear convective boundary layers one typically ob-
serves D^q& , 0, D^u& . 0, ^w9q9&0 . 0, and ^w9u9&0

. 0. Since D^uy& must be positive, there is the additional
constraint D^u& . 20.61^u&D^q&. These conditions yield
rq . 0 and ru , r (,0).uy
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