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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 treatments
(e.g., Garratt, 1993). The soil moisture boundary con-
dition has a considerable influence on medium-to-long
range weather forecasts and on simulated monthly mean
climatic states (e.g., Rowntree and Bolton, 1983). The
resolution used in most large scale models is however rel-
atively coarse so that the turbulent processes in the plan-
etary boundary layer (PBL) which control the surface
fluxes are not resolved but are determined by a param-
eterization. In our view, the shortcomings and sensitivi-
ties exhibited by large scale numerical models are partly
a consequence of inadequate modeling of the PBL and
its interaction with the land surface. In order to improve
existing parameterizations, a more complete understand-
ing of the mechanics and thermodynamics of air-soil in-
teraction and the transport of water vapor by turbulent
processes in the PBL is required.

There have been a few prior investigations into the ef-
fects of non-homogeneous surface forcing on the PBL
using LES (e.g., Roy and Avissar, 2000; Shen and
Leclerc, 1995). Typically in these studies the surface
fluxes are prescribed and relatively coarse grid resolu-
tion is used. In the work described here, the interactions
between land surfaces and the atmosphere are examined
by coupling a large-eddy simulation (LES) model for the
PBL to a land surface model (LSM). Fine grids and large
computational domains are used to examine the impact
of large scale soil moisture heterogeneity on PBL turbu-
lence and the vertical flux of water vapor mixing ratio.
The heterogeneity is shown to influence the PBL differ-
ently depending on the moisture content of the overlying
air.
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Figure 1: Time evolution of the four vertical levels of
soil moisture and temperature from the 1-D off-line LSM
run initialized from measurements from Little Washita at
11:30am local time on Day 193 of SGP97. Initial con-
ditions for the LSM for thewetanddry coupled simula-
tions are taken at noon seven days apart.

2. Land-Atmosphere Coupling

We use our well established 3D, time-dependent, LES
code as the parent atmospheric model (see Sullivan et al.,
1996, for a description of the code and further refer-
ences). Numerous models of varying sophistication and
empirical content have been proposed to describe the
physics of soil-water-vegetation systems. For our cou-
pling studies, we have adopted the so called NOAH
(National Center for Environmental Prediction / Oregon
State University / Air Force / Office of Hydrology) LSM,
version 2.0. The NOAH LSM is used in several large
scale atmospheric models and has been validated against
observations (Chang et al., 1999).

3. The LSM: Deployment, Input Parameters, and
Initial Conditions

The LSM is implemented at everyx,ygrid point in the
LES. Each of these grid points is covered by perennial
grasses, with a surface roughness for momentumz◦m of
0.1 m, and overlays four silty clay loam soil layers at
depths of [0.05,0.20,0.60,1.00] m. A surface albedo of
0.2 is used.



Initial soil conditions were taken from ground-based
measurements from the Little Washita site on Day 193
of the Southern Great Plains 1997 (SGP97) experiment.
The observations were interpolated to the four soil levels
in the LSM. However, before using these as initial condi-
tions for the LES-LSM runs, the soil model was run off-
line for four complete diurnal cycles to allow the LSM
to equilibrate. The noon time conditions after these four
diurnal cycles were used as one set of initial soil con-
ditions which we termwet. It is important to note that
thesewet initial conditions are such that the evaporation
will be determined by a combination of the available soil
moisture and the atmospheric demand rather than at the
evaporative potential rate.Dry conditions were obtained
similarly by running the LSM off-line for another seven
diurnal cycles to allow the soil to dry under realistic forc-
ing. Noon-time conditions after the one-week dry down
period were chosen asdry conditions. Figure 1 shows the
time-evolution of volumetric soil moisture and soil tem-
perature for the four soil levels during the off-line LSM
simulation.Averageinitial soil conditions were obtained
by picking the noon-time soil conditions that provided
surface fluxes nearly equal to the noon-time fluxes aver-
aged every day over the entire one-week dry-down pe-
riod.

4. Simulations

The coupled LES-LSM simulations employ
(600,100,144) grid points in the(x,y,z) directions
representing a (30,5,2.88) km domain. Constant spacing
of (50,50,20) meters is maintained in each of the(x,y,z)
directions.

A geostrophic wind of 0 ms−1 is imposed in bothx
andy directions, therefore the simulations are in the free-
convection limit. The only forcing imposed on the sys-
tem is specified through the incoming solar radiation,
which is set to 700 Wm−2 and is constant in time for
all cases.

For all of the simulations, the initial potential temper-
ature is constant with height (300K) within the PBL; at
790m, a relatively strong capping inversion is imposed
(3K/0.1km) for one hundred meters; above this inversion
(z> 890m), the stratification is 3 K/km.

The simulations were performed using two different
overlying atmospheres. The first set of cases was initial-
ized with a relatively wet atmosphere (8 g kg−1) in the
PBL, dropping sharply to 1 g kg−1 at the initial inver-
sion height (840m), therefore these are wet PBLs that are
‘Drying’. In the second set of cases, the atmosphere was
initialized dry (1 g kg−1) throughout the entire domain
and are therefore dry PBLs that are ‘Wetting’.

For each overlying atmosphere, nine simulations were
performed (for a total of eighteen). Three of these are

horizontally homogeneous cases with soil conditions that
arewet, dry, andaveragerespectively. The subsequent
six cases are initialized with horizontally heterogeneous
soil moisture conditions. The heterogeneity that is im-
posed occurs solely in thex-direction as a step-function
change betweenwetanddry conditions. We defineλ as
the wavelength of one completewetanddry cycle. The
wavelengths vary asλ = [2, 3, 5, 7.5, 15, 30] km. At
initial times, thex-extent of a single patch (λ/2) ranges
therefore from 1.2zi to 17.8zi . The soil conditions are
homogeneous in they-direction.

For the three types of cases discussed in this
manuscript (Homogeneous:average, Heterogeneous:λ
= 5 km andλ = 2 km), the results are normalized by a
combination of the horizontally- and time-averaged con-
vective velocity scalew∗† and mixing ratio scaleΘ∗†.
For the (Homogeneous,λ = 5 km, λ = 2 km) cases, av-
eragew∗ is (2.50, 2.44, 2.44) ms−1 for the ‘Wetting’
case and (2.62, 2.56, 2.56) ms−1 for the ‘Drying’ case.
Similarly, Θ∗ is (0.86, 1.22, 1.23)×10−3 kg kg−1 and
(0.79, 1.12, 1.13)×10−3 kg kg−1, respectively. Aver-
ages are obtained from ten volumes representing nearly
4.5 turnover times.

5. Results

In the PBL, coherent organized structures are largely
responsible for the transport of atmospheric constituents
(e.g., Schmidt and Schumann, 1989). Different stabil-
ity regimes tend to produce varying types of organized
motions (e.g., Khanna and Brasseur, 1998). Heteroge-
neous surface forcing also produces organized motions
(e.g., Shen and Leclerc, 1995). Of interest is how or-
ganized motions induced through heterogeneous surface
forcing alter the mechanics of turbulent transport com-
pared to coherent structures in a homogeneously forced
PBL.

A method to isolate organized motions induced by the
heterogeneity is to partition a particular variable into its
ensemble averaged, phase-correlated, and background
turbulent components following Hussain and Reynolds
(1970). Any random signal can be decomposed into

f (x,y,z, t) = 〈 f 〉(z)+ f ′′(x,y,z, t) (1)

or,

f (x,y,z, t) = 〈 f 〉(z)+ fp(x,z)+ f ′(x,y,z, t) (2)

The ensemble average〈 f 〉(z) results from averaging over
all (x,y, t). In this analysis, a conditional phase average

†w∗ = (g/θ◦ 〈w′′θ′′〉s f c 〈zi〉)1/3 andΘ∗ = 〈w′′q′′〉s f c/w∗.



Figure 2: Vertical profiles of the total vertical mixing
ratio flux 〈wq〉, the phase-correlated mixing ratio flux
[wpqp], and background turbulent mixing ratio flux[w′q′]
for six cases. The left column are the wetting PBLs,
and the right column are the drying PBLs. The top row
are theaveragehorizontally homogeneous cases, middle
row are theλ = 5 km cases and the bottom row are theλ
= 2 km cases.

f̃ (x,z) is defined as an average over (y, t) and also pe-
riodically imaged inx with lengthλ. For the homoge-
neous cases̃f (x,z) is defined solely by an average over
(y, t). The phase-correlated componentfp(x,z) is defined
as〈 f 〉(z)− f̃ (x,z). The streamwise average of the phase
correlated component is written as[ fp](z) and it should
be noted that by construction,[ fp](z) = 0.

For the Homogeneous cases (top two panels of Figure
2), profiles of the total vertical mixing ratio flux exhibit
expected behavior: in the wetting PBL, the flux is dom-
inated by the surface flux while in the drying PBL the
flux is dominated by entrainment of dry air from aloft.
Counter to expectation, the phase-correlated component
of the flux is non-zero. Since the conditions simulated
here are freely convective (zi/L→−∞), organized mo-
tions produced in the homogeneous cases tend to occur
like Rayleigh-B̀enard cells, otherwise known as thermals

or plumes (Khanna and Brasseur, 1998). We speculate
that since these simulations are a fully coupled system,
the development of a plume tends to be locked to a partic-
ular location due to the organized drying of land-surface
beneath the plume. A check of lateral correlations sug-
gests that the width of the box is sufficient that the peri-
odic boundary conditions are note responsible for this re-
sult (not shown). Although the phase-correlated compo-
nent is important, for both types of boundary layers, the
turbulent component performs the majority of the verti-
cal transport of water vapor mixing ratio with homoge-
neous surfaces.

In the presence of large scale heterogeneity, the char-
acter of organized motions in PBL flows is very differ-
ent. Spatial contrast between regions of high and low soil
moisture results in a varying partitioning of the incom-
ing solar radiation between sensible, latent and soil heat
fluxes. The partitioning is again affected by the overlying
atmosphere being moist (dry) resulting in less (more) de-
mand for moisture from the soil. In these simulations the
horizontally- and time-averaged surface fluxes for both
the wetting and drying PBLs are nearly equal for allλ.
Roy and Avissar (2000) found that heterogeneity induces
a horizontal pressure gradient and if that force is larger
than the buoyant forcing, the atmosphere is dominated
by “rolls”. If the balance switches such that the buoyant
forcing dominates the pressure gradient, then the rolls are
typically broken down by plumes.

The bottom four panels of Figure 2 show that even
under heterogeneous surface forcing, profiles of vertical
mixing ratio fluxes are nearly identical to those under
homogeneous forcing. The peak near the entrainment
zone in the Drying PBL cases is slightly smaller than the
peak in the Homogeneous case, but this should be ex-
pected since the entrainment is a free parameter in the
system and is therefore a result of the flow that develops.
Of interest, however, is the variation in the partitioning
between the components that make up the total vertical
mixing ratio flux. Theλ = 5 km heterogeneity induces
“rolls” as exhibited by an increase in the contribution
from the phase-correlated component in both these cases.
Figure 3 suggests that the “roll” dynamics between these
two λ = 5 km cases are nearly the same since[|wp|] in-
crease similarly. Therefore, the difference seen between
the ‘Wetting’ and ‘Drying’ PBLs is largely due to the dif-
ference in the moisture gradient across the entrainment
interface. On the other hand, the phase-correlated com-
ponent of the vertical mixing ratio flux is nearly zero
for both λ = 2 km cases (Figure 2). Rayleigh-Bènard
cells in the PBL typically have horizontal length scales
of about 2.5 km (Roy and Avissar, 2000), therefore, the
reduction of[|wp|] in these cases compared to the Ho-
mogeneous cases results largely from a competition be-
tween heterogeneity-induced organized motions and the



Figure 3: Vertical profiles of thex-average of the phase-
correlated vertical velocity[|wp|] and mixing ratio[|qp|]
for six cases. The left column are the wetting PBLs, and
the right column are the drying PBLs.

Rayleigh-B̀enard cells that are of nearly equal scale. Al-
though[|wp|] is slightly reduced for these cases, Figure 3
suggests that the reduction in the phase-correlated com-
ponent of the flux largely results from a destruction of
the phase-correlated water vapor mixing ratio throughout
the mid-PBL region where the phase-correlated vertical
velocity is maximized.

Important implications from this analysis are that if a
single point measurement occurs within regions of large-
scale soil moisture heterogeneity and the heterogeneity-
induced component of the total vertical mixing ratio flux
is ignored, then the measurement will gravely misesti-
mate the total flux. The direction and magnitude of error
depends on the moisture gradient across the entrainment
zone and on the scale of the heterogeneity.

6. Conclusions

Through coupled LES-LSM simulations of wetting
and drying boundary layers, the influence of large-scale
heterogeneity is shown to induce organized motions. The
phase-correlated component can be either the sole con-
tributor to the vertical water vapor mixing ratio flux or
make zero contribution depending on the scale of the het-
erogeneity. Important findings are that if a researcher
plans to use the eddy-correlation technique to measure
vertical water vapor mixing ratio fluxes at a point within
a region of large-scale moist or dry soil conditions, they

could dramatically misestimate the vertical fluxes if they
ignore the contributions to the flux from organized mo-
tions induced via heterogeneous surface forcing. More
detail and quantitative results will be presented in the
talk.
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