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1. INTRODUCTION

Surface boundary conditions used in weather and climate
models require the specification of turbulent fluxes of heat
and momentum between the land surface and the atmo-
sphere as a function of the grid-averaged velocity and
temperature fields. Parameterizing these fluxes at the
relevant regional scales has proven to be a challenge,
especially under stable atmospheric stability conditions
(Holtslag, 2005). This has led to numerous research ef-
forts, mainly focused on homogeneous quasi-steady sta-
ble boundary layers (Beare et al., 2006).

The atmospheric boundary layer (ABL) is character-
ized by a wide range of length and time scales, which
are highly dependent on the spatial distribution of land-
surface properties such as temperature, aerodynamic
roughness and soil moisture. The non-linear interaction
between surface heterogeneities and atmospheric turbu-
lence limits the applicability of similarity theories (e.g.,
the log-law), commonly used to model turbulent fluxes,
and strictly is only applicable in homogeneous boundary
layers. Under stable atmospheric conditions, the effect
of stratification on local turbulence scales further com-
plicates our ability to parameterize the effects of surface
heterogeneity on ABL fluxes.

Previous numerical studies of surface heterogeneity
have focused on either neutral (e.g., Glendening and Lin,
2002; Bou-Zeid et al., 2004; Stoll and Porté-Agel, 2006)
or convective atmospheric stability conditions (e.g., Al-
bertson et al., 2001; Patton et al., 2005). In contrast, the
effect of surface heterogeneity under stable conditions
has been explored mainly through experiments (e.g., Der-
byshire, 1995; Mahrt and Vickers, 2005) and has yet to be
studied with LES. Here we present some preliminary re-
sults from LES of the stable atmospheric boundary layer
over heterogeneous surface boundary conditions.

This manuscript is organized as follows. First, a brief
description of the LES code used in this study and the
simulation setup used for the homogeneous and hetero-
geneous cases is given in section 2.1. In section 2.2, re-
sults are given for simulations with the scale-dependent
Lagrangian dynamic model over heterogeneous surfaces
with different length scales and amplitudes of hetero-
geneity.

2. NUMERICAL SIMULATIONS

2.1 Case Description

Our initial simulations of heterogeneous stable boundary
layers focus on simple idealized surface patterns consist-
ing of alternating patches with sharp streamwise changes
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Table 1: Mean boundary layer characteristics for the different
surface types characterized by the temperature jump (in K) and
the patch length (in m): homogeneous (Hom); 4 K, 400 m (Het4-
400); 4 K, 200 m (Het4-200); 4 K, 100 m (Het4-100); 6 K, 400 m
(Het6-400); 6 K, 200 m (Het6-200); and 6 K, 100 m (Het6-100).

case δ (m) u∗ (m/s) θ∗ (K) L (m)
Hom 178 0.260 -0.00140 127
Het4-400 193 0.271 -0.00111 172
Het4-200 194 0.273 -0.00110 177
Het4-100 195 0.275 -0.00109 181
Het6-400 207 0.279 -0.00083 252
Het6-200 210 0.283 -0.00081 264
Het6-100 211 0.286 -0.00081 269

in surface temperature. We use the LES code described
by Stoll and Porté-Agel (2006). The code uses tuning-
free Lagrangian dynamic subgrid-scale (SGS) models,
designed to dynamically compute the SGS eddy viscos-
ity and eddy diffusivity model coefficients based on the
information contained in the resolved scales. In a re-
cent study, these SGS models have been shown to dy-
namically adjust in a consistent manner to flow inhomo-
geneities associated with step changes in surface fluxes
in neutral ABLs (Stoll and Porté-Agel 2006). This ability
makes them ideally suited for the study of heterogeneous
boundary layers.

The intermittent nature of the stable ABL renders
it difficult to study experimentally or numerically (Mahrt,
1998; Beare et al., 2006). For this reason, we need an
idealized and well studied stable boundary layer case as
the basis for our heterogeneous simulations. This will
make it easier to discern the effect of surface heterogene-
ity. The GEWEX (Global Energy and Water Cycle Exper-
iment) ABL (GABLS) intercomparison study meets this
criterion (Beare et al., 2006). To accommodate a larger
range of surface heterogeneity scales some modifications
to the GABLS case have been made. The domain size
has been increased from 400 m to 800 m in the horizontal
directions and from 400 m to 500 m in the vertical direc-
tion. Initial tests have been run with a resolution of 64 x
64 x 64 grid points in each direction. The surface tem-
perature heterogeneity consists of alternating patches of
two different surface temperatures with an average sur-
face temperature over the entire domain equal to the one
used in GABLS (initially 265 K). A total of seven simu-
lations were performed: one homogeneous case, three
cases with a temperature jump between patches of 6 K
and three with a temperature jump between patches of 4
K. The temperature jumps are created by specifying dif-
ferent cooling rates for each patch while keeping the av-



2 4 6 8 10
0

50

100

150

200

250

300

350

Wind Speed (m/s)

H
ei

gh
t (

m
)

Hom
Het4−400
Het4−200
Het4−100
Het6−400
Het6−200
Het6−100

FIG. 1: Mean wind speed profile averaged over the last one
hour of the simulation for homogeneous and heterogeneous sta-
ble boundary layer simulations. Legend abbreviations are the
same as used in Table 1.

erage cooling rate over the entire domain surface equal
to that used in the GABLS study (0.25 K/hr). After eight
hours, the cooling rate was returned to its average value
and the simulation was continued for an additional four
hours. This is required to ensure the simulations reach
a quasi-steady state. The patch cooling rates were cho-
sen to create the desired temperature differences after
eight hours of simulation. The 4 K temperature jump
simulations (hereafter referred to as Het4) were run with
three different streamwise patch lengths, 400 m, 200 m
and 100 m and the 6 K jump simulations (referred to as
Het6) were run with three different patch lengths, 400
m, 200 m and 100 m. These patch lengths correspond
to approximately 2 (400 m), 1 (200 m) and 1/2 (100 m)
times the boundary layer height calculated at the end of
the homogeneous run. A summary of the mean bound-
ary layer characteristics (boundary layer height δ, friction
velocity u∗, surface temperature scale θ∗ = 〈wθ〉s u−1

∗
where 〈wθ〉s is the mean surface flux and Obukhov length
L = −u3

∗To(κg 〈wθ〉s)
−1 and To is a reference tempera-

ture) are given in Table 1.

2.2 Results

As discussed in section 1, large scale models require the
specification of surface fluxes of momentum and heat as
a function of the grid-averaged velocity and temperature
fields. In this section, we examine the effect of hetero-
geneous surface temperature distributions on surface flux
parameterizations in stable atmospheric boundary layers.
We present results from the series of simulations over
idealized streamwise step changes in surface tempera-
ture outlined in section 2.1. The profiles depicted in this
section all represent horizontal averages which are then
averaged in time over the last 1 hour of each simulation.

The mean wind speed profiles from the six heteroge-
neous simulations and the homogeneous base case are
shown in Figure 1. All of the profiles exhibit a nocturnal
jet with a wind speed maximum slightly below the bound-
ary layer heights given in Table 1. Above the boundary
layer the wind speed approaches the geostrophic value in
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FIG. 2: Mean potential temperature averaged over the last
one hour of the simulation for homogeneous and heterogeneous
stable boundary layer simulations. Legend abbreviations are the
same as used in Table 1.

all the simulations. The homogeneous simulation closely
matches the 12.5 m resolution simulations presented in
Basu and Porté-Agel (2006) and the high resolution sim-
ulations presented in Beare et al. (2006). All of the het-
erogeneous simulations show a clear deviation from the
homogeneous case. The wind speed maxima occur at
elevated levels with respect to the homogeneous case.
Furthermore, the wind maxima in the Het6 simulations
occur at higher levels than in the Het4 simulations. This
increase in wind maxima height corresponds to the in-
creases in boundary layer height reported for the differ-
ent simulations in Table 1. Notice that the strength of
the surface temperature jump appears to have a stronger
effect on the wind speed profile than the patch length.
Within the lowest 50 m of the simulation domain, the pro-
files show only minimal deviation from the homogeneous
case.

Figure 2 shows the mean potential temperature pro-
files for all the simulations. Similar to the wind speed pro-
file, the homogeneous temperature profile closely follows
the simulation results from Basu and Porté-Agel (2006)
and Beare et al. (2006). All of the profiles show pos-
itive curvature above the surface inversion as implied
by Nieuwstadt’s theoretical model (Basu and Porté-Agel,
2006). These profiles show a similar systematic depen-
dence on surface heterogeneity to those shown in Figure
1. The Het4 and Het6 simulations all show an increased
potential temperature throughout the entire boundary with
respect to the homogeneous case. This pattern agrees
with the decreased (in magnitude) heat flux values and in-
creased Obukhov lengths in Table 1. Neither set of cases
shows significant dependence on patch length scale for
the range of length scales tested here.

To further explore the effect of heterogeneous sur-
face temperature on the stable boundary layer we plot
the non-dimensional shear ΦM as a function of the sta-
bility parameter z/L in the surface layer. ΦM is defined
as

ΦM =
κz

u∗

s„
∂ 〈u〉
∂z

«2

+

„
∂ 〈v〉
∂z

«2

(1)
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FIG. 3: Non-dimensional velocity gradient as a function of
z/L in the lowest 50 m of the domain. The solid line and dashed
lines correspond to the formulations proposed by Businger et al.
(1971) and Beljaars and Holtslag (1991), respectively.

in which κ =0.4 is the von Karman constant and 〈u〉 and
〈v〉 are the mean velocity components in the streamwise
and spanwise directions, respectively. Most large scale
models use the integral of ΦM (i.e. the modified log pro-
file) to calculate the surface shear stress (Beljaars and
Holtslag, 1991; Mahrt, 1996).

In Figure 3 no clear signature of the heteroge-
neous surface temperature can be deduced. This agrees
with the mean wind speed profiles in the surface layer
shown in Figure 1. The lack of dependence of the non-
dimensional shear on heterogeneous surface tempera-
ture distributions is an indication that while the hetero-
geneity results in an increased boundary layer height, it
does not change the functional relationship between the
average velocity profiles and momentum fluxes in the sur-
face layer. Therefore, traditional similarity type momen-
tum flux parameterizations should be able to adequately
describe the cases presented here.

The non-dimension temperature gradient ΦH is pre-
sented in Figure 4 as a function of the stability parameter
z/L. ΦH is defined as

ΦH =
κz

θ∗

∂ 〈θ〉
∂z

(2)

where 〈θ〉 is the potential temperature averaged over hori-
zontal planes and in time. The non-dimensional tempera-
ture gradient has a more distinct dependence on hetero-
geneous surface temperature than the non-dimensional
shear. The cases with the largest temperature jumps de-
viate the most from the homogeneous case. In contrast to
the mean temperature profiles, there appears to be some
dependence on patch size, with increasing patch size
resulting in larger gradients. This effect is pronounced
enough that the Het4-400 case gradients consistently ex-
ceed those from the Het6-100 case. The overall effect
of temperature jump strength and patch size results in
large deviations from the homogeneous case at the low-
est level for all of the cases. This carries into the lowest
z/L values where gradients are about twice the homoge-
neous ones or more. These results indicate that proper
estimation of surface heat fluxes for the heterogeneous
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FIG. 4: Non-dimensional potential temperature gradient as a
function of z/L in the lowest 50 m of the domain. Graph sym-
bols are the same as Figure 3 and the solid line and the dashed
line correspond to the formulations proposed by Businger et al.
(1971) and Beljaars and Holtslag (1991), respectively. The insert
shows the plot without the lowest z/L value.

cases presented here would require a correction to ΦH

or a different parameterization methodology.

3. SUMMARY

Large eddy simulations of a quasi-steady stable atmo-
spheric boundary layer are performed over various ide-
alized surface temperature heterogeneity patterns. The
heterogeneity consists of streamwise step changes in
surface temperature with varying patch lengths. Mean
boundary layer characteristics show consistent trends
with surface heterogeneity for temperature statistics
(surface flux, mean potential temperature and non-
dimensional temperature gradient) which show greater
sensitivity than the corresponding momentum statis-
tics. For example, the mean potential temperature in
the boundary layer increases for all of the temperature
jumps. Likewise, the non-dimensional temperature gra-
dient strongly deviates from the homogeneous case for
all of the Het6 simulations and the Het4 simulations. For
both Het4 and Het6 cases, even the smallest patch size
shows important deviations from the homogeneous case.
This can be explained by the relatively small size of the
eddies in the stable boundary layer simulations (Der-
byshire, 1995; Mahrt, 1998). Note this is in contrast to
neutral and convective boundary layers where eddies on
the order of the boundary layer height induce enhanced
mixing, minimizing the effect of heterogeneities smaller
than the boundary layer height (Mahrt, 2000).

Our future work on heterogeneous stable boundary
layers will include studying numerical simulation issues
such as the sensitivity of our results to grid resolution and
the specification of the LES surface boundary conditions.
We will also examine the detailed structure of the inter-
nal boundary layers created by the surface temperature
jumps.
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