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ABSTRACT

This manuscript describes numerical experiments investigating the influence of 2–30-km striplike het-
erogeneity on wet and dry convective boundary layers coupled to the land surface. The striplike hetero-
geneity is shown to dramatically alter the structure of the convective boundary layer by inducing significant
organized circulations that modify turbulent statistics. The impact, strength, and extent of the organized
motions depend critically on the scale of the heterogeneity � relative to the boundary layer height zi. The
coupling with the land surface modifies the surface fluxes and hence the circulations resulting in some
differences compared to previous studies using fixed surface forcing. Because of the coupling, surface fluxes
in the middle of the patches are small compared to the patch edges. At large heterogeneity scales (�/zi �18)
horizontal surface-flux gradients within each patch are strong enough to counter the surface-flux gradients
between wet and dry patches allowing the formation of small cells within the patch coexisting with the
large-scale patch-induced circulations. The strongest patch-induced motions occur in cases with 4 � �/zi �
9 because of strong horizontal pressure gradients across the wet and dry patches. Total boundary layer
turbulence kinetic energy increases significantly for surface heterogeneity at scales between �/zi � 4 and 9;
however, entrainment rates for all cases are largely unaffected by the striplike heterogeneity.

Velocity and scalar fields respond differently to variations of heterogeneity scale. The patch-induced
motions have little influence on total vertical scalar flux, but the relative contribution to the flux from
organized motions compared to background turbulence varies with heterogeneity scale. Patch-induced
motions are shown to dramatically impact point measurements in a free-convective boundary layer. The
magnitude and sign of this impact depends on the location of the measurement within the region of
heterogeneity.

1. Introduction

Land–atmosphere coupling is widely recognized as
a crucial component of regional-, continental-, and
global-scale numerical models. Predictions from these
large-scale models are sensitive to small-scale surface
layer processes like heat and moisture fluxes at the air–
soil–vegetation interface as well as boundary layer treat-
ments (e.g., Garratt 1993). The soil moisture boundary
condition has considerable influence on medium- to
long-range weather forecasts and on simulated monthly
mean climatic states (e.g., Rowntree and Bolton 1983).
Heterogeneous soil moisture conditions can occur on
many scales both naturally (Mahrt et al. 2001) and
through human modification (Weaver and Avissar

2001), and both types of heterogeneity can introduce
dramatic variability in boundary layer surface forcing.

There have been a number of prior investigations
into the effects of heterogeneous surface forcing on the
planetary boundary layer (PBL) using high-resolution
large eddy simulation (LES) (e.g., Hechtel et al. 1990;
Hadfield et al. 1991; Shen and Leclerc 1995; Avissar
and Schmidt 1998; Albertson and Parlange 1999; Al-
bertson et al. 2001; Raasch and Harbusch 2001; Esau
and Lyons 2002; Kustas and Albertson 2003; Letzel and
Raasch 2003). Hechtel et al. (1990) used measurements
to drive a relatively coarse resolution LES and found
no significant modifications to homogeneous cases,
which they attributed to the mean wind in their simu-
lation. Hadfield et al. (1991) studied relatively small-
scale (1.5- and 4.5-km wavelength) striplike heteroge-
neity under free convective conditions and found that
the heterogeneity-induced organized motions in the
PBL. These motions increased the horizontal and ver-
tical velocity variances near the upper/lower bound-
aries and in the mid PBL, respectively. Shen and
Leclerc (1995) and Raasch and Harbusch (2001) found
that for small-scale patchlike heterogeneity, the inten-
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sity of the organized motions increased when the hori-
zontal scale of the heterogeneity increased to about the
PBL height. When investigating land surface forcing
that is fixed in time, Avissar and Schmidt (1998) and
Roy and Avissar (2000) found larger-scale heterogene-
ity continually intensified the organized motions when
the heterogeneity increased from 2 to 40 km. As Roy
and Avissar (2000) speculated, Letzel and Raasch
(2003) showed that heterogeneous forcing at certain
amplitudes triggers temporal oscillations in the PBL.
Rather than specifying the surface fluxes (which com-
pletely decouples the forcing from the overlying atmo-
sphere), Albertson and Parlange (1999), Albertson et
al. (2001), and Kustas and Albertson (2003) investi-
gated land surface heterogeneity using specified surface
temperature and moisture. None of these studies used a
dynamically coupled system where the soil responds to
the atmosphere and vice versa.

Point measurements are potentially impacted by
landscape-induced organized motions (Finnigan et al.
2003). To properly evaluate the surface energy balance,
Mahrt (1998) suggests that the vertical flux associated
with stationary eddies (which is systematically missed in
current point measurement practices) must be in-
cluded. Mahrt also mentions that the influence of sta-
tionary eddies diminishes when the observational level
is closer to the surface. An understanding of precisely
how these organized surface-induced motions affect
measurements is lacking; yet such an understanding is
required for proper interpretation of observations.

This paper examines the interactions between the at-
mosphere and the land surface using an LES model of
the PBL coupled to a land surface model (LSM). Fine
grids and large computational domains are used to ex-
amine the impact of a range of soil heterogeneity scales
(� � 2 to 30 km) on PBL turbulence. We use phase
averaging to investigate the influence of the heteroge-
neity scale on the organized motions that develop. The
coupling between the PBL and the land surface is found
to be of fundamental importance in determining the
PBL response. Resulting from the coupling, heteroge-
neity-induced pressure gradients and surface fluxes
vary with heterogeneity scale, such that heterogeneity
scales 4 � �/zi � 9 exhibit the most intense (optimum)
patch-induced motions. The contribution from these in-
duced motions to the total vertical flux of virtual po-
tential temperature and water vapor mixing ratio is
quantified. In addition, the impact of these motions on
point measurements taken at various locations within
the heterogeneity is elucidated.

2. Land–atmosphere coupling

Over land surfaces during daytime hours, the surface
energy balance (SEB) is thermodynamically coupled to
the growth of the boundary layer through interactions
between the surface sensible and latent heat fluxes, the
atmospheric temperature and humidity, and the growth

rate of the boundary layer by entrainment (Raupach
2000). Incoming solar radiation is partitioned by the
SEB to determine the energy available to the coupled
land–atmosphere system. Key variables in the SEB,
such as heat and water vapor fluxes, are influenced by
PBL concentrations of these quantities, which them-
selves are influenced by their surface fluxes, forming a
negative feedback loop (McNaughton and Raupach
1996). We attempt to incorporate these important feed-
backs in the study, by coupling our 3D, time-dependent
LES code (Sullivan et al. 1996) to the National Centers
for Environmental Prediction/Oregon State University/
Air Force/Office of Hydrology (NOAH) LSM, version
2.0 (Chang et al. 1999).

The LES predicts three-dimensional and time-
dependent velocity fields (u, �, w) by numerically inte-
grating a filtered set of Navier–Stokes equations for an
incompressible fluid. To incorporate buoyancy effects,
the LES also integrates a thermodynamic energy equa-
tion (�) and an equation for water vapor mixing ratio
(q), which are combined to calculate virtual potential
temperature (�� � � � 0.61�q). The effects of unre-
solved motions in the LES are modeled using a prog-
nostic equation for subfilter-scale (SFS) energy (e).

In the soil, the LSM (NOAH) predicts vertical pro-
files of temperature (T) and moisture (�) by integrat-
ing a 1D set of equations for soil thermodynamic and
hydrologic variables (Mahrt and Pan 1984; Pan and
Mahrt 1987). The SEB couples the atmosphere and
land surface and provides lower boundary conditions
for the LES and upper boundary conditions for the
LSM.

For nonprecipitating nonfreezing environments, the
SEB for an infinitesimally thin layer at the ground sur-
face can be written (following Brutsaert 1982; Chang et
al. 1999) as Rn � H � LE � G, where Rn is the net
radiation, H is the sensible heat flux, LE is the latent
heat flux, and G is the soil heat flux. The radiation
components are taken as positive toward the surface
and all other components are considered positive away
from the surface. See the appendix for further details.

In this coupled system, the earth’s surface is an in-
ternal model layer responding to both the turbulent air
above and the soil properties below; therefore this cou-
pling provides a natural framework to investigate the
influence of land surface heterogeneity on PBL struc-
ture and vice versa. It is known that under no mean
wind conditions, imposed land surface heterogeneity
induces organized atmospheric motions (e.g., Hadfield
et al. 1991), but it has yet to be established how these
organized motions feedback to dry/cool the soil, modify
the surface fluxes, or modify the organized motions.

3. The LSM: Deployment, input parameters, and
initial conditions

For all cases, we specify that every x, y grid point is
covered by perennial grasses with a roughness length
(z0) of 0.1 m. The underlying soil contains four layers of
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