
5.6 EFFECTS OF SOIL MOISTURE HETEROGENEITY ON BOUNDARY
LAYER FLOW WITH COUPLED GROUNDWATER, LAND-SURFACE,

AND MESOSCALE ATMOSPHERIC MODELING

Fotini Katopodes Chow1∗ , Stefan J. Kollet2, Reed M. Maxwell2, and Qingyun Duan2

1Department of Civil and Environmental Engineering, University of California, Berkeley, California
2Atmospheric, Earth, and Energy Department, Lawrence Livermore National Laboratory, Livermore, California

1. Introduction and background

Mesoscale atmospheric models currently rely on an in-
tegrated land-surface model to provide fluxes of heat,
momentum, and moisture from the land surface to the
atmosphere. While improvements have been made by
tuning land-surface models for a variety of test cases,
current models are limited to vertical transport in a shal-
low soil column. They are thus unable to capture lat-
eral transport of soil moisture and limited in their abil-
ity to provide spatial variability in predicted land sur-
face fluxes. Current mesoscale atmospheric models are
therefore not provided with realistic fluxes at the surface
because land-use models cannot represent runoff and
subsurface lateral transport that is present when ter-
rain or moisture gradients exist. This can lead to errors
in model predictions during periods when thermal forc-
ing dominates the diurnal development of the boundary
layer.

Starting with a so-called leaky-bucket parameteriza-
tion (Manabe et al. 1965), climate models have steadily
evolved to use a more sophisticated lower boundary
condition into what is commonly known as the land
surface model (LSM). LSMs play an important role in
determining fluxes from the land surface to the atmo-
spheric boundary layer (see e.g. the review by Betts
et al. 1996). A large number of LSMs have been
developed, with differing parameterizations and lev-
els of sophistication. This led to a number of inter-
comparison studies, the Project for Intercomparison of
Land-Surface Parameterization Schemes (PILPS), for
a range of climatic conditions (Henderson-Sellers and
Henderson-Sellers 1995; Shao and Henderson-Sellers
1996; Chen and Coauthors 1997; Qu and Coauthors
1998; Lohmann and Coathors 1998; Pitman and Coau-
thors 1999; Schlosser and Coathors 2000; Luo et al.
2003). As LSMs ignore the deeper soil moisture pro-
cesses and the saturated zone (i.e. groundwater), there
has been recent interest in incorporating a groundwater
component into LSMs (Liang et al. 2003; Maxwell and
Miller 2005; Yeh and Eltahir 2005). While LSMs have
grown in sophistication, until this current study, lateral
subsurface and overland flow have not been explicitly
accounted for.
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The focus of this work is to understand the influ-
ence of soil moisture variability on atmospheric bound-
ary layer forcing. To gain this understanding requires
the development of a three-dimensional, fully-coupled
groundwater-atmospheric flow model, as described in
this work. That soil moisture and temperature vari-
ability affects atmospheric boundary layer development
has been shown through previous studies. Chow et al.
(2006) found that soil moisture initialization was a cru-
cial factor in accurate simulations of thermally-forced
valley wind systems in the Swiss Alps using the ARPS
mesoscale model. An off-line hydrologic model was
used to provide improved spatial variability to the soil
moisture in the valley, significantly improving predic-
tion of wind transitions in the valley. Desai et al.
(2005) examined the effect of improved soil moisture
data and land-surface physics representations on sim-
ulations of the atmospheric boundary layer during July
1997 (SGP97), with mixed results in the extent of the
influence on dry sunny days. York et al. (2002) investi-
gated the effects of a single-column atmospheric model
connected to a single layer ModFlow-based groundwa-
ter model through a reservoir-type land surface scheme.
They investigated a small watershed in Kansas and
found an effect of aquifer levels on evapotranspiration.

Despite previous work in this area, determining the
effect of land-surface heterogeneity on the development
of the atmospheric boundary layer remains unresolved.
Is the effect of land-surface heterogeneity reflected in
atmospheric heterogeneity? On what time scales is the
effect of soil moisture variations felt in the atmosphere?
How do land-surface changes affect local precipitation
events? How can we best represent these processes for
numerical simulations of atmospheric flow and transport
over a watershed, and eventually over a larger region?

To address these questions and others, this paper
describes the development of a 3D variably-saturated
groundwater flow model with surface runoff capabil-
ities dynamically coupled within a mesoscale atmo-
spheric model to investigate the effects of soil mois-
ture heterogeneity on boundary layer processes. In
particular, we have coupled ParFlow, a 3D parallel
unsaturated/saturated groundwater flow model (Ashby
and Falgout 1996; Jones and Woodward 2001), with
the Advanced Regional Prediction System (ARPS), a
mesoscale atmospheric model (Xue et al. 2000, 2001).
ParFlow also includes a fully-coupled overland flow or
runoff component (Kollet and Maxwell 2006), and thus
provides ARPS with soil moisture information that in-



cludes the effects of ponding, runoff, and seepage. In
turn, ARPS, through its land-surface model, provides
ParFlow with precipitation and evapotranspiration in-
puts. This leads to a fully coupled model which can rep-
resent spatial variations in land-surface forcing driven
by 3D atmospheric and subsurface components.

Our test case is the Little Washita watershed in
Oklahoma, which has been the subject of numerous
studies and provides a unique source of subsurface,
surface, and atmospheric data for validation. Here
we report on the coupling procedure and preliminary
simulation results for the coupled groundwater/land-
surface/atmospheric model.

2. Little Washita watershed, SGP99

The Little Washita watershed is located in central Ok-
lahoma and has been the focus of several studies (e.g.
Jackson et al. 1999; Vine et al. 2001; Guha et al. 2003),
with the result that it is the source of an extensive ob-
servational dataset. We focus on the data from the
Southern Great Plains (SGP) experiment of 1999, from
which there are special remote sensing observations
of soil moisture available to complement standard time
series available at surface stations scattered through-
out the area. Figure 1 shows a map of the watershed
and the locations of selected observation sites. The
ARS Micronet stations shown on this figure are a sur-
face network which collects rainfall, air and soil tem-
perature at 5-15 minute intervals. Also important are
measurements of streamflow in the Little Washita river
(at locations shown in Figure 1) as well as groundwa-
ter table elevation measurements. The Little Washita
watershed thus provides a unique dataset for valida-
tion of our coupled groundwater, land-surface, and at-
mospheric model.

3. Model components

We begin with a description of the individual model com-
ponents for the atmospheric boundary layer, the land
surface, and the subsurface.

a. Atmospheric model

As the focus of this work is on regional and local at-
mospheric dynamics, ARPS is used as the mesoscale
atmospheric model. ARPS was developed at the Center
for Analysis and Prediction of Storms at the University
of Oklahama, and is formulated as a large-eddy simula-
tion (LES) code that solves the three-dimensional, com-
pressible, non-hydrostatic, filtered Navier-Stokes equa-
tions. ARPS is described in detail by Xue et al. (2000,
2001).
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Figure 1: Little Washita watershed (black outline) and obser-
vation stations.

Fourth-order spatial differencing is used for the ad-
vection terms. Temporal discretization is performed us-
ing a mode-splitting technique to accommodate high-
frequency acoustic waves. The large time steps (∆t)
use the leapfrog method; first-order forward-backward
explicit time stepping is used for the small time steps
(∆τ ), except for terms responsible for vertical acoustic
propagation, which are treated semi-implicitly. Lateral
boundary conditions and initial conditions are provided
from the NOAA North American Regional Reanalysis
(NARR) dataset, available at 32 km resolution and at
three-hourly intervals. Multiple resolutions (9 km, 3 km,
1 km, and ultimately 350 m horizontal grid spacings) are
used to nest down from the NARR forcing to the domain
that encompasses the Little Washita.

b. Land-surface models

The characteristics of the land surface determine sensi-
ble and latent heat flux exchange with the atmosphere.
The ARPS land-surface soil-vegetation model solves
surface energy and moisture budget equations, de-
scribed in detail in Xue et al. (2001); Ren and Xue
(2004). ARPS generally uses 13 soil types (including
water and ice), and 14 vegetation classes (following
the United States Department of Agriculture classifica-
tions). Land use, vegetation, and soil type data for the 1
km and coarser grids are obtained from USGS 30 sec-
ond global data.

For the soil temperature and moisture budgets, two
soil layers of depths 0.01 m and 1.0 m for the surface
and deep soil are used. In the standard procedure, soil
temperature and moisture for all grids are initialized us-
ing values interpolated from the NARR dataset. The soil
moisture and temperature values at 9 km resolution are
then interpolated to the 3 km resolution grid and finer
grids.
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For the coupled simulations, high-resolution soil
moisture initialization data were obtained from ParFlow-
CLM (PF.CLM), described further below, to represent
the spatial variability in the Little Washita watershed bet-
ter. PF.CLM is driven by NARR meteorological data and
provides soil moisture data at the 1 km and 350 m grid
levels for ARPS.

c. Ground water model: ParFlow

ParFlow is a parallel, variably saturated groundwater
flow simulator, and is described in detail by Ashby and
Falgout (1996) and Jones and Woodward (2001). In
the mode employed here, it solves the Richards equa-
tion in three dimensions using a parallel, globalized
Newton method. ParFlow has been modified to in-
clude the Common Land Model (CLM) (Dai et al. 2003),
as described in Maxwell and Miller (2005), as well
as an integrated overland flow simulator (Kollet and
Maxwell 2006), which solves the shallow water equa-
tions. ParFlow has the unique capability to explicitly re-
solve streamflow without the use of parameterized river
routing subroutines. During model spinup, overland flow
naturally develops in the appropriate topographic de-
pressions that define the river corridors, which are re-
solved by the model. For the groundwater flow solution,
ParFlow employs an implicit backward Euler scheme
in time, and a cell-centered finite difference scheme in
space. At the cell interfaces, the harmonic averages of
the saturated hydraulic conductivities and a one-point
upstream weighting of the relative permeabilities are
used. For the overland flow component, ParFlow uses
an upwind finite-volume scheme in space and an im-
plicit backward Euler scheme in time.

The input data required by ParFlow consists of the
subsurface hydraulic properties, such as the saturated
hydraulic conductivity Ks, porosity, φ, and the van
Genuchten parameters for the pressure-saturation re-
lationships. The hydraulic properties of the deeper sub-
surface were derived as average values from some 200
borehole logs collected in the region. 390 grid points
are used in the vertical with 0.5 m resolution. The
land surface cuts through the computational domain,
giving variable numbers of grid points in the subsur-
face, as shown in Figure 2. The maximum depth of
the aquifer below the subsurface is approximately 190
m, with a no-flow boundary condition at the bottom of
the computational domain. The maximum depth value
was chosen from borehole information and results from
other studies in that region (e.g. Davis 1955) and facil-
itates modeling of deep groundwater flow. The region-
ally uniform porosity value of φ = 0.4 [-] corresponds
to the arithmetic average. The average value of for Ks

was set to be 10m/day initially, but was adjusted during
the spinup to better match the measured hydrographs
along the Little Washita River. The calibrated value is
Ks = 5m/day, which is about a factor of five larger than
the arithmetic mean from the borehole information. We
explain this discrepancy with the quite limited and un-

certain information obtained from the borehole logs and
the smoothed topography at 1 km resolution, which re-
sults in generally smoother water table relief and thus
smaller gradients.

The van Genuchten parameters correspond to a
sandy loam, which we consider a representative value
for the watershed at this point in our study. The top two
0.5-m thick layers in ParFlow extending to 1 m depth
below the ground surface are considered topsoil. The
soil information including the aforementioned hydraulic
properties was derived from the soil cover information
used by ARPS and the results of a study by Schaap
and Leij (1998). In this study, the soils considered in
spatially distributed fashion are sand, sandy loam, silt
loam, loam, and clay loam. Topographic slopes were
derived from the digital elevation model after filling sinks
(areas of local convergence in the topography) by lo-
cally smoothing the topography. The Manning’s coeffi-
cient used in the overland flow simulator is applied uni-
formly in space, though it can be distributed to reflect
non-uniform surface roughness in the future.

Model spinup was required to generate realistic soil
moisture distributions. This was performed offline using
atmospheric forcing provided by the NARR reanalysis
dataset. For this spinup the land surface model CLM
was used (the fully coupled simulations described be-
low use the ARPS LSM). After repeated application of
forcing from September 1998 to October 1999, the sim-
ulation results were compared to measured time series
(not shown). These included hydrographs, soil mois-
ture curves from the SCAN site, and temperature curves
from the Micronet station network. No comprehensive
calibration was performed.

4. Fully-coupled groundwater-land-
atmosphere simulations

The coupled PF.ARPS is applied to the Little Washita
watershed and the simulation is advanced for 48 hours
starting at 0 UTC on July 8, 1999. This time period
was chosen because of the density of field measure-
ments available for soil moisture conditions as well as
the presence of rain events. Preliminary results from
simulations with 1 km resolution and 48×35 grid points
in the horizontal are described below. PF.ARPS uses
53 grid levels in the atmosphere for these simulations,
with 40 m spacing near the ground and stretched above
to give an average spacing of 400 m over the 20 km
domain height. The subsurface component uses 390
levels with constant 0.5 m spacing in the vertical for a
subsurface depth of 195 m. Lateral boundary condi-
tions for PF.ARPS are provided by the 3 km (horizontal
resolution) ARPS simulations covering a larger domain.
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Figure 2: Soil moisture field from 350m resolution offline
ParFlow simulation after spinup. Soil moisture concentrations
(blue is saturated, red is 10% saturated) are shown on the
topographic relief surface.

a. Coupling approach

The fully coupled simulations require the simultaneous
solution of 3D groundwater flow and 3D atmospheric
flow processes, with the land surface model at the in-
terface to pass surface momentum, moisture, and heat
fluxes between the models. The coupling has been per-
formed by adding ARPS as a subroutine to ParFlow.
The land-surface model is provided by the two-layer
force-restore method within ARPS. The general solu-
tion procedure begins with the explicit advancement of
ARPS for one hour using an internal timestep of 1 sec-
ond. Surface fluxes that are relevant to ParFlow, such
as infiltration and evaporation rates are integrated over
the entire hour and used to provide surface fluxes at the
new time for implicit time advancement of ParFlow that
uses an internal 1-hour timestep. The subsurface mois-
ture field calculated by ParFlow is passed to the land-
surface model within ARPS by simply circumventing the
original water balance calculations. This soil moisture
information is then used by the land surface model in
ARPS in the next time step. Note that for each internal
ARPS time step of one second the land-surface model
is also advanced, without changes in the soil moisture,
which is now calculated in ParFlow. This approach may
lead to small errors during rainfall events or quick drying
periods. However, preliminary investigation determined
that these errors are small especially when compared
to the influence of differences in ParFlow vs a single-
column soil model. A comprehensive analysis of this

error will be performed in the future.

b. Surface initialization

Land use data, including soil and vegetation types, are
obtained from the STATSGO USGS database at 1 km
resolution. Land surface elevation data from USGS
are given at 3 arc second intervals. The fully coupled
PF.ARPS simulations use initial soil moisture fields pro-
vided by the spun-up PF.CLM model for the appropriate
date and time. The two-layer soil moisture variables in
the land-surface component of ARPS are thus overwrit-
ten by moisture fields provided by PF.CLM. Initial soil
temperature is provided by interpolated fields from the
NARR data set and equilibrates to the PF.CLM values
in approximately 24 hours of coupled simulation time.

c. Soil moisture and temperature fields

Figure 3 shows the soil moisture and temperature fields
from PF.ARPS compared with those from the uncou-
pled ARPS simulation after 24 hours. It is immediately
evident that large differences exist. The PF.ARPS soil
moisture field shows the distinct signature of the Little
Washita River, with much wetter conditions along the
river corridor and drier conditions in the uplands. This
is due to the convergence of deeper groundwater water
flow at discharge zones that are the Little Washita River
valley and its tributaries. Additional variability is a result
of the influence of the distributed soil and vegetation
cover, which is, however, much less pronounced than
the impact of the topography. In contrast, the uncoupled
ARPS soil moisture field shows very small spatial vari-
ability, due to the inability of the model to account for
topographically-induced lateral groundwater flow. Be-
cause of the nature of the land-surface model in ARPS,
the soil moisture values at a given grid cell can only be
affected by shallow soil properties at that x, y location,
the land cover, and the atmospheric conditions, which
are of minor influence during the short simulation pe-
riod.

Large differences exist also for the soil temperature
fields, with PF.ARPS showing lower soil temperatures
along the river corridor as a result of wetter soils. The
uncoupled ARPS results lack the distinct spatial vari-
ability associated with the topography. Any spatial vari-
ability in the ARPS simulation is a result of variability in
surface soil type and variability in atmospheric and solar
processes (e.g. radiation, air temperature). In parts of
the uplands PF.ARPS also arrives at much larger tem-
perature values, which correspond to the drier condi-
tions along the ridges and hill tops.

d. Surface wind and temperatures

The effect of these large soil moisture differences on
the atmospheric boundary layer evolution becomes ap-
parent in the coupled PF.ARPS simulations. Figure 4
shows the potential temperature at the surface for both
the coupled and uncoupled simulations. The potential
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Figure 3: Comparison of soil moisture (upper) and tempera-
ture (lower) fields for PF.ARPS (left) and ARPS (right).
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Figure 4: Comparison of potential temperature field for
PF.ARPS (left) and ARPS (right) at the first model level above
the ground.

temperature for PF.ARPS shows effects of the PF.ARPS
soil moisture and temperature fields, with cooler air tem-
peratures along the cooler and wetter river valley areas.

Figure 5 shows the differences in the the u and v com-
ponent of the wind speed. The differences are calcu-
lated as the uARPS −uPF.ARPS and vARPS −vPF.ARPS .
A general increase in the v components is observed
in the river valley, where the temperature is lower and
the soil moisture is higher in PF.ARPS compared to the
uncoupled ARPS control run. The v velocity compo-
nents decrease along the topographic ridges and hill-
tops, where the temperatures are the largest. This trend
is reversed for the u-component, which appears to be
generally increasing in the valley and decreasing along
the topographic ridges and hilltops.
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Figure 5: Difference in PF.ARPS ARPS for the U (left) and V
(right) velocity components at the first model level above the
ground.

5. Discussion and future work

Figures 3-5 show significant differences in the cou-
pled and uncoupled simulations at the ground surface
caused by differences in soil moisture and tempera-
ture. Vertical profiles (not shown) indicate differences
in meteorological variables predominantly in the near-
surface region, with the uncoupled and coupled sim-
ulations giving nearly identical results aloft. This is
not surprising given that the differences in the cou-
pled and uncoupled simulations are provided through
the surface forcing. Furthermore, the current computa-
tional domain is too small to allow for adequate develop-
ment of boundary layer features without excessive influ-
ence from the lateral boundary conditions. Results from
higher-resolution (350 m) simulations and from longer
time periods will be reported on in the near future.

An interesting observation, however, is the increased
sensitivity of the atmospheric development to surface
conditions preceding rain events. Because of the large
differences in soil moisture, local precipitation events
develop quite differently in ARPS vs PF.ARPS. We have
observed localized differences on the order of 10% in
accumulated precipitation (not shown). Further inves-
tigation of such precipitation events is in progress. In
addition, future work will include coupled simulations
at higher resolution and over larger horizontal domain
sizes to minimize the effect of the lateral boundary con-
ditions. The preliminary observations reported here in-
dicate the potential for improved predictions of bound-
ary layer processes given the sensitivity to surface
moisture and temperature conditions during thermally
forced boundary layer development and the improved
ability to represent spatial variability in surface forcing
using our coupled modeling approach. Ultimately our
approach will be applied to much larger domains to in-
vestigate the effect on regional climate predictions on
seasonal time scales. Incorporation of lateral moisture
transport through subsurface flow will be of particular
importance on these larger time scales; current atmo-
spheric and land-surface models are unable to capture
these processes.
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