
7.2 EFFECTS OF SOIL MOISTURE INITIALIZATION ON SIMULATIONS OF ATMOSPHERIC
BOUNDARY LAYER EVOLUTION IN OWENS VALLEY

Megan H. Daniels1∗, Fotini K. Chow 1, and Gregory S. Poulos2

1Civil and Environmental Engineering, University of California, Berkeley, CA
2National Center for Atmospheric Research, Boulder, CO

1. INTRODUCTION

Mountainous topography and heterogeneous land sur-
face cover affect boundary layer flow by forcing it over
or around obstacles or by changing heat and momentum
fluxes at the surface. For valleys, a general picture of the
expected behavior of wind systems during calm condi-
tions has emerged, classifying winds as up-slope and up-
valley during the day, and down-slope and down-valley
at night, with the breakup of a nocturnal inversion layer
during the day leading to a well-mixed valley atmosphere
(Whiteman, 2000; Rampanelli et al., 2004). These flow
transitions and the thermal structure of the valley atmo-
sphere are often affected by irregularities in valley geom-
etry, synoptic flow forcing, or land-cover heterogeneities.

Soil moisture initialization is particularly important for
numerical simulation of thermally-forced flows because of
its effect on surface heat fluxes (see e.g. Ookouchi et al.,
1984; Patton et al., 2005; Banta and Gannon, 1995). Pre-
vious work in the Riviera Valley in the Swiss Alps showed
that soil moisture initialization was a very sensitive pa-
rameter for correct prediction of valley wind transitions
(Chow et al., 2006c). The onset of up-valley winds in
the Riviera was delayed by 3-4 hours in initial simulations
compared to observations. Initializing with soil moisture
fields from a hydrologic model (WaSiM-ETH) reduced the
delay to 1-2 hours, illustrating the importance of land-
surface characteristics and the need for accurate specifi-
cation of these bottom boundary conditions (Chow et al.,
2006c).

Most land-surface models used in meso-scale simula-
tions are initialized using data from external large-scale
forcing data. Errors in these initial fields are exacerbated
in complex terrain, where terrain features are smoothed
by the coarse resolution. The 12 km resolution commonly
used by regional models, for example, is not able to re-
solve steep and narrow mountain valleys, often causing
specification of incompatible surface data due to eleva-
tion differences. As suggested by Chow et al. (2006c), it
may therefore be necessary to provide higher-resolution
surface initial conditions as the atmospheric model reso-
lution is increased.

This paper investigates the effects of soil moisture (and
consequently temperature) on simulations of the atmo-
spheric boundary layer in Owens Valley, CA under quies-
cent conditions. Owens Valley was the site of the Terrain-
Induced Rotor Experiment (T-REX) which took place in
March and April of 2006 (Grubišić and Kuettner, 2004).
Simulations are performed using the Advanced Regional
Prediction System (ARPS) (Xue et al., 2000, 2001) for
the second enhanced observing period (EOP2) of T-REX,
from March 29, 2006 at 0300pm Pacific Standard Time
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(PST) (2300 UTC) to 1200pm PST (2000 UTC) the fol-
lowing day. Soil moisture and temperature data were col-
lected at 23 sites by the authors during T-REX to more ac-
curately characterize the valley surface forcing and to pro-
vide calibration points for future use of hydrologic models.
Initial interpretation of soil moisture measurements indi-
cates that values provided by coarse meso-scale models
are up to a factor of three higher than observed, which
could lead to large errors in boundary layer forcing. Sen-
sitivity tests are performed and model results are com-
pared to field data to quantitatively evaluate the effect of
soil moisture initialization.

There are several questions we seek to answer in this
study and in ongoing research: How sensitive is the sim-
ulation of boundary layer processes to soil moisture ini-
tialization? Under what range of synoptic conditions (qui-
escent to strongly forced) do soil moisture effects domi-
nate? At which grid nesting level or domain size should
improved soil moisture data be incorporated? How do
land-surface fluxes compete with external forcing through
lateral boundary conditions? Answers to these questions
will provide valuable information as to the requirements
for initial conditions for land surface models in complex
terrain.

2. OWENS VALLEY AND T-REX

Owens Valley is a rift valley in southeastern Califor-
nia which lies between the eastern slopes of the Sierra
Nevada mountain range and the western slopes of the
White Mountains and the Inyo Mountains. The peaks of
the Sierras reach above 4,300 m (14,000 ft) while the val-
ley floor lies at about 1,200 m (4,000 ft), making it one
of the deepest valleys in the United States. The valley
is approximately 120 km in length (∼75 mi) and runs ap-
proximately north-south.

The main goal of the T-REX field campaign was to
investigate the dynamics of atmospheric rotors and lee
waves in Owens Valley, with broader goals including com-
plex terrain boundary layer development (the focus of this
paper), and stratospheric-tropospheric exchange. Addi-
tional scientific objectives include using the extensive T-
REX datasets to validate numerical models to improve
the accuracy of mesoscale and microscale modeling with
the hope of being able to better predict aviation hazards,
downslope windstorms, as well as transport and disper-
sion of aerosols.

A wide range of instruments were used in the col-
lection of data for T-REX. Among these were: rawin-
sondes, dropsondes, lidars, flux towers, andandandand
soil moisture and temperature sensors (Grubišić et al.,
2004). A main source of data for preliminary comparison
with ARPS model results are the Vaisala rawinsondes
launched from Independence, CA at the center of Owens
Valley. The sondes were launched every 1.5 hours over
the 21-hour observation period (EOP2). Soundings are
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Figure 1: Elevation contours (m) of Owens Valley cen-
tered around Independence, CA from the 350 m resolu-
tion simulation domain. Circles indicate locations of soil
moisture measurement sites and triangles show the three
ISFF flux towers. An additional soil sensor was placed
north of Independence, near Bishop (not shown).

extracted from ARPS for direct comparison with rawin-
sonde data as well as with surface data collected at the
Integrated Surface Flux Facility (ISFF) central tower (in
center of domain in Fig. 1). Both measurement sites were
located at the Independence Airport.

3. SOIL MOISTURE AND TEMPERATURE MEASURE-
MENTS

Thirty soil moisture capacitance probes and temper-
ature sensors were installed at 23 locations throughout
Owens Valley to capture the spatial variability of land sur-
face conditions (see Fig. 1). Decagon’s ECH2O EC-20
soil moisture probes were used, along with ECH2OTemp
temperature sensors and ECH2O EM50 data loggers.
Most soil moisture probes and temperature sensors were
located approximately 5 cm below the ground surface. A
few were additionally placed 20-50 cm below the surface.
Sensors were installed in two phases (September 2005
and January 2006) to allow adequate time for the soil dis-
turbed in the installation procedure to return to its nat-
ural state. A total of 30 soil probes (at 23 sites) were
connected to data loggers which recorded data every 5
minutes throughout the duration of the T-REX campaign
(March and April, 2006). (Additional sets of sensors were
placed at the three ISFF flux towers but these are treated
separately.)

In addition, two sets of soil cores were collected for
gravimetric soil moisture measurements at the 23 sites
around Owens Valley to serve as validation data for the
ECH20 probes; the first set coincided with EOP2 and was
taken over a period of 5 days from March 27 to March 31,
2006. These gravimetric measurements provided the av-
erage voumetric water content (VWC) of each soil sam-
ple at a depth of ∼5 cm. The average value (over all
sites) of these measurements was 0.09 m3m−3. There
was no measurable precipitation in this area during this
time. The North American Mesoscale (NAM) model ini-
tialization data used to initialize ARPS (see below) pro-
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Figure 2: Contours of measured soil moisture (m3m−3)
in Owens Valley using gravimetric sampling from March
27 to 31, 2006. Black contour lines show terrain elevation.

vide an average soil moisture value of 0.25 m3m−3 over
the finest ARPS domain, approximately a factor of three
times larger than observed. For this study, gravimetric
data have been used to provide the ARPS simulations
with more accurate soil moisture initialization data. The
spatial variability of soil properties in Owens Valley is il-
lustrated by the gravimetric soil moisture values plotted
in Fig. 2. Data from the 23 sites is linearly interpolated
to provide the map shown. Soil moisture and tempera-
ture data recorded by the ECH20 probes requires further
calibration to adjust for temperature, soil type, and soil
salinity effects. These data will be incorporated in future
investigations.

4. NUMERICAL SIMULATION SETUP

ARPS is a comprehensive regional to storm-scale
modeling and prediction system (Xue et al., 2000, 2001,
2003). It is a fully three-dimensional, nonhydrostatic,
compressible numerical weather prediction model in gen-
eralized terrain-following coordinates and includes a full
postprocessing package. Computations were performed
using 16 to 64 processors at the Scientific Computing Di-
vision of the National Center for Atmospheric Research
(NCAR). ARPS is used here in large-eddy simulation
(LES) mode with a 1.5 TKE turbulence closure (Deardorff,
1980; Moeng, 1984). Future work will include investiga-
tions of the different turbulence model options available in
ARPS including dynamic mixed models (see Chow et al.,
2005).

Two simulations are considered here to illustrate the
effects of soil moisture initialization. The first is initialized
using standard NAM data with no modifications (REF, ref-
erence case). The second uses soil moisture values cal-
culated from Owens Valley gravimetric data to provide a
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Table 1: Simulation parameters for each grid level.

(nx,ny,nz) ∆h ∆zmin,∆zavg ∆t,∆τ

(103,103,53) 9 km 50 m, 500 m 10 s, 10 s
(103,103,53) 3 km 40 m, 500 m 2 s, 4 s
(99,99,63) 1 km 40 m, 400 m 1 s, 1 s

(147,147,63) 350 m 30 m, 350 m 1 s, 0.2 s

rough re-calibration of the initial soil moisture values pro-
vided by NAM to the ARPS land-surface model (SM, mod-
ified soil moisture case). These measured values proved
to be significantly smaller than those provided by NAM.
Additional adjustments were needed for the initial snow
field provided. These and other numerical details are de-
scribed further below.

4.1 Grid nesting and topography

Four one-way nested grids were used to simulate flow
conditions in Owens Valley at horizontal resolutions of 9
km, 3 km, 1 km, and 350 m (see Table 1 and Fig. 1). To-
pography for all grid resolutions was obtained using the
USGS 3 arcsecond topography dataset. The terrain is
smoothed at the edges of each subdomain so that the el-
evations at the boundaries match those of the surround-
ing coarser grid.

Horizontal grid spacing (∆h) is uniform in both direc-
tions. In ARPS, the minimum vertical spacing (∆zmin) is
near the ground in a terrain-following σ-coordinate sys-
tem. This minimum spacing, as well as the average
vertical spacing (∆zavg) are shown in Table 1. The do-
main height (∼ 25 km) extends beyond the tropopause.
Large (∆t) and small (∆τ ) time steps must be speci-
fied in the mode-splitting scheme used in ARPS (see
Table 1). These selections of grid spacing, time steps,
and other parameters such as computational mixing co-
efficients, were made using experience gained through
previous simulations over complex terrain (Chow et al.,
2006c; Weigel et al., 2006).

4.2 Initialization and lateral boundary conditions

Initial and boundary conditions are set using data from
the National Oceanic and Atmospheric Administration
(NOAA) NAM dataset which is available at 12 km resolu-
tion with 39 vertical levels. Relaxation towards the lateral
boundary conditions was applied in a 12 grid-cell zone
around the edge of the 9 km domain. NAM forcing was
available at 6-hour intervals; linear interpolation was used
at intermediate times. An 11-hour spinup of the simula-
tion was begun at 0400am PST (1200 UTC) March 29,
2006. Output was saved at hourly intervals for the 9km
and 3km grids, and half-hourly intervals for the 1km and
350m grids. This output data was then interpolated and
used as initialization data for subsequent simulations at
finer grid resolutions.

4.3 Land-surface model and land-use data

The characteristics of the land surface determine sen-
sible and latent heat flux exchange with the atmosphere.
The ARPS land-surface soil-vegetation model solves sur-
face energy and moisture budget equations, described 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 classifications). Land use, veg-
etation, and soil type data for all Owens Valley grids are
obtained from USGS 30 second 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 (used in
the REF case), soil temperature and moisture for all grids
are initialized using values interpolated from the 12 km
NAM fields. The soil moisture and temperature values at
9 km resolution are then interpolated to the 3 km resolu-
tion grid and finer grids. The NAM soil moisture fields
have an average value of 0.25 m3m−3, approximately
three times larger than the mean observed gravimetric
value of 0.09 m3m−3. As a first sensitivity test, the NAM
soil moisture field values are reduced by a factor of three
and then used to initialize the ARPS 9 km domain for the
SM simulations.

In addition to modification of soil moisture, the initial
snow depth is adjusted to correct for incompatabilities of
the NAM snow field with fine-resolution ARPS grids. The
NAM data contain a large 10-km patch of snow approx-
imately 0.5 m in depth at the northern end of the valley
floor while no snow was actually present. This inconsis-
tency is due to the 12 km resolution terrain used by NAM
which effectively smooths out Owens Valley (∼20km wide
near Independence) so that locations on the valley floor
appear to be at much higher elevations where snow might
be expected. To compensate for the lack of initialization
data with a fine enough resolution to resolve Owens Val-
ley, a minimum snow level elevation is imposed on all
grids such that the snow depth below 2000 m is always
zero. Simulation SM is performed with an imposed snow
level of 2000 m and an adjusted soil moisture field which
approximated the observed field in an average sense.
Figure 3 shows the resulting difference in the surface sen-
sible heat fluxes in the REF and SM cases in the late af-
ternoon of March 30. The SM heat flux pattern follows
the valley axis, showing largest fluxes on the west-facing
slope as expected for this time of day. The REF heat
flux pattern, on the other hand, is strongly affected by the
large snow patch in the northern part of the domain, giv-
ing an unrealistic heat flux distribution.

5. BOUNDARY LAYER EVOLUTION

Analysis of rawinsonde and surface data indicates that
the winds in the Owens Valley during EOP2 exhibited
some of the classic features of thermally-driven valley
wind systems. Figure 4 shows the evolution of potential
temperature, surface wind speed and direction, and spe-
cific humidity at the ISFF central flux tower (see Fig. 1)
near the center (118.1600 W, 36.8015 N) of the simula-
tion domains, compared to results from the REF and SM
simulations. All results shown are from the 350 m resolu-
tion grid unless otherwise noted.

The surface observations show down-valley flow at
the surface at the beginning of the EOP and continuing
throughout the night, until 1500 UTC (7am PST) when a
gradual transition in winds is apparent (Fig. 4a); an in-
termediate between up-valley and up-slope flow (100 de-
grees) is established by 1800 UTC (10am PST). The wind
direction transition is accompanied by an increase in wind
speed beginning at about 1700 UTC (9 am PST) (Fig. 4b).

Both ARPS simulations (REF and SM) capture the
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Figure 3: Contours of sensible heat flux (W/m2) from
REF (top) and SM (bottom) simulations at 0330pm PST
(2350 UTC) on March 30, 2006. Solid lines show topog-
raphy contours.

general features of the surface time series well. The pre-
dicted potential temperature from the REF simulation is
too low by ∼3-5 K throughout the EOP, with somewhat
better performance from the SM results. The SM simu-
lation exhibits a morning wind transition at approximately
the time observed but includes more of an up-valley wind
component (winds observed aloft display primarily up-
valley flow as seen later in Fig. 6). The REF case fails to
produce the observed surface wind transition after sun-
rise (see Figs. 4a and b); REF surface winds at the ISFF
flux tower site remain down-valley through the end of the
EOP time period. Simulated specific humidity values are
also much improved for the SM case.

Analysis of vertical profiles in Owens Valley reveals a
much more complex wind structure. Soundings were ex-
tracted from the two ARPS simulations and compared di-
rectly to data from rawinsondes launched from Indepen-
dence, CA (at Independence Airport, at the ISFF cen-
tral tower site) at approximately 1.5 hour intervals during
EOP2 (see Fig. 6). An additional sounding from 0300pm
PST (2300 UTC) on March 30 is included here as well.
Rawinsonde data show a neutral atmosphere up to about
4.5 km ASL (approximately ridge-top level) in the late
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Figure 4: Surface data time series at ISFF central tower
(valley floor) for (a) wind direction, (b) wind speed, (c)
potential temperature, and (d) specific humidity. •
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afternoon on March 29, with a 12-14 degree elevated
inversion between 4.5 and 5 km ASL. A nighttime sur-
face inversion layer begins to grow just after sunset and
increases through the night. As the surface inversion
grows, the elevated inversion sinks (approximately 1 km
in 12 hrs), reaching its lowest point just before sunrise.
In general both simulations match the observations up
to this time; simulation SM matches particularly well in
the evening hours and shows much improvement in spe-
cific humidity values. Both simulations, however, predict
cooler overnight surface temperatures than the observa-
tions and are significantly delayed in predicting the de-
velopment of the convective boundary layer after sunrise.
This under-predication of nighttime surface temperature
results in the potential temperature profiles of both sim-
ulations lagging behind by about three hours in estab-
lishing the surface mixed layer. Even as late as noon,
only the SM simulation shows a mixed layer, and then it
is 3-4 degrees colder than and not as deep as observed
(Fig. 6). The representation of the elevated inversion is
quite poor in both simulations during this time; a lack of
high enough resolution at this altitude may contribute to
the smearing of this profile. As seen in the time series
plots above (Fig. 4), the near-surface winds in the REF
case do not show up-valley flow soon enough after sun-
rise.

Rawinsonde profiles reveal the development of ele-
vated return flow, or anti-winds, beginning in the late
evening hours of March 29th. The profiles shown for
0251am PST (Fig. 6), for example, clearly show three dis-
tinct wind layers. Figure 5 shows a vertical cross section
of along-valley wind contours from the SM simulation; the
down-valley and up-valley flow structure within the valley
atmosphere are clearly delineated. The down-valley flow
at the surface has a magnitude of 5-10 m/s and is initially
coupled with a return flow (up-valley) of weaker magni-
tude which occurs between 2600 and 3400 m asl. The
anti-wind grows and the down-valley surface wind weak-
ens during the night, with anti-winds of magnitude 5-10
m/s occurring between 2000 and 3300 m asl just before
sunrise. These winds are entirely decoupled from winds
above the surrounding mountain tops, being separated by
a strong inversion. The capping inversion subsides during
the night, with the valley boundary layer depth decreasing
from ridge crest height (∼4200 m) to 3300 m asl by sun-
rise. Within an hour or two after sunrise, the down-valley
flow disappears entirely, and up-valley flow is observed
over the whole boundary layer depth.

This flow pattern is confirmed by preliminary Doppler
lidar data, which indicate distinct layers and flow direc-
tions in the valley atmosphere (not included in this anal-
ysis but see discussion in the related abstract by Chow
et al. (2006a)). These valley-confined return flows are
often weaker than flows at the valley floor and much
weaker than the prevailing synoptic winds, and are there-
fore infrequently observed (Whiteman, 2000; Buettner
and Thyer, 1966; Reuten et al., 2005; McGowan, 2004).

A more quantitative comparison of model results and
observations can be obtained by examining the magni-
tude of errors between the observations and the simu-
lation results. Table 2 shows the root-mean-square er-
rors (rmse) and mean errors (bias) for wind speed and
direction and potential temperature comparisons at the
ISFF central tower and from the radiosonde data (aver-
aged over all 18 launch times). The bias provides an in-
dication of the average direction of deviation of the mod-
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Figure 5: Vertical cross section of along-valley winds
at 0300am PST from the SM simulations. Slice passes
through Independence, perpendicular to the valley axis.
Velocities have been rotated to be aligned with the val-
ley axis so that u is cross-valley (to the north-east) and v

(shown here) is along-valley (to the north-west).

eled from the observed data, whereas the rmse provides
an estimate of the magnitude of the error. The errors
are overall larger for the surface time series comparisons
than for the rawinsonde data. Wind direction bias val-
ues could likely be reduced with some smoothing of the
observations which fluctuate a lot especially when winds
are weak. Errors for the SM case are significantly smaller
than for the standard REF results. The SM results sig-
nificantly reduce the errors in all comparisons (e.g. rmse
values for potential temperature go from 2.1 to 1.7), indi-
cating the improvement that can be obtained with better
land-surface data for initialization.

6. DISCUSSION AND FUTURE WORK

This paper describes the first steps in ongoing work
which seeks to characterize the effects of the land surface
on the development of the atmospheric boundary layer
over complex terrain. Both accurate initialization datasets
and improved land-surface models are ultimately needed
to understand the role of surface forcing on the atmo-
sphere.

The two sets of simulations presented here were able
to capture the overall structure of the Owens Valley atmo-
sphere during EOP2 of the T-REX field campaign, includ-
ing the development of anti-winds during the night. The
SM simulation with soil moisture adjusted to better match
measurements from gravimetric sampling in the valley
was better able to capture the structure of the observed
rawinsonde profiles. This improved performance was ev-
idenced by significant reductions in mean and rmse er-
rors. Problems common to both simulations include the
tendency to smooth out sharp elevated inversions, under-
predict nighttime surface temperatures, and consequently
lag behind the observations in predicting the onset and
development of the surface mixed layer after sunrise. Fu-
ture work will include an investigation into turbulence pa-
rameterizations and surface flux formulations to provide
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Figure 6: Selected soundings at Independence Airport of potential temperature, wind speed, wind direction, and
specific humidity at 0608pm PST, 0251am PST, and 1210pm PST. Observations; REF; SM
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Table 2: Overall root-mean-square errors (rmse) and
mean errors (bias) for potential temperature, wind speed,
wind direction, and specific humidity predicted by two
ARPS cases compared to surface observations at the
ISFF central tower and soundings at Independence Air-
port.

Surface Soundings
REF SM REF SM

θ rmse (K) 6.03 3.95 2.08 1.68
θ bias (K) -5.62 -3.19 -0.72 -0.39

U rmse (m/s) 3.42 2.25 2.17 2.08
U bias (m/s) -1.38 -0.74 -0.45 -0.45
φ rmse (deg) 72.35 62.63 32.69 24.45
φ bias (deg) -18.52 16.63 2.83 0.91
q rmse (g/kg) 0.73 0.29 0.57 0.34
q bias (g/kg) 0.49 -0.24 0.34 0.18

some insight into the cause of these model discrepan-
cies. Specification of lateral boundary forcing may also
prove to be important (Warner et al., 1997; Nutter et al.,
2004).

The two preliminary simulations presented here have
shown that ARPS is sensitive to soil moisture initializa-
tion and that even when soil moisture is approximated in
an average sense using measured values from the ob-
servation site, the simulation performs significantly better
than with soil moisture data from a coarse dataset such
as NAM. Predictions from both sets of simulations im-
proved as the grid resolution was refined (not shown).
Future work includes calibrating the soil moisture probe
data from the 23 sites in Owens Valley for use in simula-
tions of other observation days (including both quiescent
and strongly-forced conditions) for which gravimetric data
is not available. A comprehensive dataset will be created
to initialize the land-surface model used by ARPS and
other codes, as well as to evaluate the evolution of the
soil properties as simulations progress. Generation of ini-
tial soil moisture fields for different grid resolutions and
domain sizes will also be addressed.

In addition to improved initialization data, efforts are
needed to improve the current land-surface models which
are coupled to meso-scale codes. A drawback of the
two-layer land-surface model currently used by ARPS is
poor resolution of the near-surface soil column. Figure 7
shows time series of soil temperature for the surface and
deep soil layers predicted by ARPS compared to obser-
vations at the ISFF flux tower at 5 cm depth. The drier soil
in the SM simulation shows a larger amplitude in the sur-
face layer but a closer agreement with observations in the
deep layer compared to the REF results. Multi-layer mod-
els exist (e.g. the unified NOAH land surface model used
in WRF, Chen et al., 2004; Tewari et al., 2004; Liu et al.,
2004), but no current soil model allows for lateral trans-
port of soil moisture. Thus rain accumulated on the steep
Sierra slopes will not flow to the valley floor because each
grid cell is completely isolated. Future work may incor-
porate the WaSiM-ETH hydrologic model (Jasper, 2001)
used previously in the Riviera Valley (Chow et al., 2006c;
Weigel et al., 2006) and/or the coupled model (or modifi-
cations thereof) described by Chow et al. (2006b) which
does allow for surface runoff and three-dimensional sub-
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Figure 7: Soil temperature time series comparisons at
ISFF central tower (valley floor) for surface and deep
ARPS soil layers. • Observed at 5 cm depth;
SM surface soil; SM deep soil; REF surface
soil; REF deep soil

surface groundwater flow. Other uncertainties lie in the
determination of coefficients used in land-surface param-
eterizations and the specification of surface flux distribu-
tion in the near-surface region and its interaction with the
turbulent flow fields above (Chow et al., 2005).
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