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ABSTRACT
The 1997 Southern Great Plains Hydrology Experiment (SGP97) was designed and conducted to extend surface
soil moisture retrieval algorithms based on passive microwave observations to coarser resolutions, larger regions
with more diverse conditions, and longer time periods. The L-band Electronically Scanned Thinned Array
Radiometer (ESTAR) on an airborne platform was used for daily mapping of surface soil moisture over an area
of approximately 40 km 3 260 km for a 1-month period. Results showed that the soil moisture retrieval algorithm
performed the same as in previous investigations, demonstrating consistency of both the retrieval and the
instrument. This soil moisture product at 800-m pixel resolution together with land use and fractional vegetation
cover information is used in a remote sensing model for computing spatially distributed fluxes over the SGP97
domain. Validation of the model output is performed at the patch scale using tower-based measurements and at
regional scale using aircraft flux observations. Comparisons at the patch scale yielded discrepancies between
model- and tower-based sensible and latent heat fluxes of 40% and 20%, respectively. At regional scales,
differences between modeled and aircraft-based sensible and latent heat fluxes were less, on the order of 30%
and 15%, respectively. A preliminary comparison of regional average energy fluxes with a model using remotely
sensed temperatures was conducted and yielded good agreement. The utility of spatially distributed energy flux
and model-simulated surface temperature maps over the SGP97 region is discussed.

1. Introduction
A major objective of the Global Energy and Water
Cycle Experiment Continental-scale International Project is to improve the predictive capability of coupled
hydrologic–meteorological models. To achieve this, improvements in modeling the large-scale soil moisture
dynamics and their interaction with the atmosphere
along with observations for verification is essential. Remote sensing and hydrometeorological data collected
during the 1997 Southern Great Plains (SGP97) experiment provide observations necessary to explore this
interaction. More specific, the aircraft soil moisture
mapping using passive microwave radiometry over an
approximately 10 000 km 2 area at a spatial resolution
compatible with known data interpretation (;1 km) provides a domain large enough to investigate interactions
between near-surface soil moisture and regional-scale
atmospheric dynamics.
Corresponding author address: W. P. Kustas, USDA-ARS Hydrology and Remote Sensing Lab, Building 007, BARC-WEST, Beltsville, MD 20705.
E-mail: bkustas@hydrolab.arsusda.gov

Passive microwave radiometry at wavelengths on the
order of 20 cm (L band) have been used for monitoring
near-surface soil moisture for a wide range of vegetation
cover and climatic conditions (Jackson and Schmugge
1989; Schmugge and Jackson 1994; Jackson et al.
1995). Unfortunately a satellite-based passive microwave system at these long wavelengths will have an
inherent spatial resolution problem that is due to technological limitations on antenna size. However, innovative approaches such as synthetic aperture radiometry
(LeVine et al. 1994) and other technological alternatives/advances are likely to provide passive L-band microwave soil moisture observations having a resolution
on the order of 10–30 km, which is still very useful for
regional atmospheric models that typically use a 10-km
grid mesh. The SGP97 experimental domain affords the
opportunity to evaluate the effects of scaling up nearsurface soil moisture to the projected satellite pixel size.
Land surface–atmosphere schemes (LATS) are
emerging that can assimilate near-surface soil moisture
observations (e.g., Entekhabi et al. 1994; Calvet et al.
1998; Houser et al. 1998; Li and Islam 1999), and other
approaches have been developed to use the soil moisture
product directly with ancillary data for computing the
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large-scale heat fluxes (e.g., Kustas et al. 1998, 1999).
With either modeling strategy, the effect of such coarse
resolution in near-surface soil moisture observations
from a satellite-based sensor on model simulations will
need to be evaluated. The impact of model grid size
and/or resolution of the input data on energy balance
predictions has been studied for selected cases (e.g.,
Famiglietti and Wood 1995; Sellers et al. 1995; Kustas
and Jackson 1999). However, to have a satisfactory level
of confidence in these results, one must first assess the
reliability of model-simulated heat fluxes.
Validation of LATS heat flux predictions has mainly
been performed using tower-based flux observations.
These tower observations represent an insignificant fraction of the study area; hence, model output of the fluxes
for most of the region cannot be validated. Furthermore,
there is the issue of mismatch in spatial or pixel resolution of the model output and the effective area contributing to the tower flux measurements, which typically represent a patch with spatial dimensions on the
order of 100 m (Schuepp et al. 1990). This mismatch
has led others to perform model validation indirectly
via other hydrometeorological observations such as soil
moisture and rainfall (e.g., Mohr et al. 2000).
The primary objective of this investigation is to evaluate the reliability of a surface energy balance model
for computing heat fluxes over the SGP97 experimental
domain not only by comparing model output with towerbased flux observations but also by investigating ‘‘regional-scale’’ estimates through use of aircraft-based
flux measurements. At the higher (800 m) resolution,
the model outputs are compared with flux tower observations made during the experiment. For selected areas,
the spatially distributed fluxes computed by the model
upwind of the flux aircraft transects are averaged to
compare with these regional-scale flux observations.
Given the limitations in the validation of model output of the heat fluxes with observations, it would seem
imperative that the uncertainty in LATS surface energy
balance computations on a regional-scale basis needs to
be investigated by evaluating differences in spatially
distributed output among models, similar to the efforts
made in the LATS (or more commonly referred to as
soil–vegetation–atmosphere transfer, or SVAT) modeling community (Henderson-Sellers et al. 1995). A first
step toward a comparison of spatially distributed output
is performed by evaluating differences in regionally averaged fluxes between a LATS using high-resolution
surface temperature data (;30 m) and the current model
using the 800-m microwave-derived soil moisture data.
The utility of the spatially distributed output of other
model variables for LATS research is also discussed.
2. Data description
Details of the SGP97 region and experimental design
are described by Jackson et al. (1999). At the time of
writing, a description of the experiment and all mea-
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surement activities additionally was available on the Internet (http://hydrolab.arsusda.gov/sgp97/). This region
is exceptionally well instrumented for hydrometeorological research. In Fig. 1, a map of the SGP97 region
is illustrated along with the three main facilities (Central
Facility, El Reno, and the Little Washita Watershed Facility), the Oklahoma Mesonet, the United States Department of Agriculture (USDA) Agricultural Research
Service Micronet, the Department of Energy Atmospheric Radiation Measurement (ARM) Program Cloud
and Radiation Testbed study region, and the ARM atmospheric boundary layer facilities.
The L-band passive microwave data were collected
using the Electronically Scanned Thinned Array Radiometer (ESTAR) flown by the P-3B aircraft operated
by the National Aeronautics and Space Administration
(NASA) Wallops Flight Center. ESTAR observations
were made over a 30-day period from 18 June [day of
year (DOY) 169] to 17 July (DOY 198). The instrument
was installed to provide horizontally polarized data. Recent experiments, such as Washita ’92, at the watershed
scale have demonstrated the reliability of this instrument
(Jackson et al. 1995). Details of the processing of the
ESTAR data are given in Jackson et al. (1999). The
algorithm for converting the microwave brightness temperatures to volumetric soil moisture requires other remotely sensed information also used by the model. A
land cover classification is needed for estimating roughness parameters and was taken from an analysis performed by Doraiswamy et al. (1998) using a Landsat
Thematic Mapper (TM) scene and on-site surveys as
part of this supervised approach. The normalized difference vegetation index (NDVI) was also computed for
the Landsat TM scene collected on 25 July 1997 (DOY
206) and integrated to the 800-m pixel size. A soil texture database was derived from the State Soil Geographic Database (STATSGO) developed by the USDA Natural Resources Conservation Service. One of the products available is a soil texture classification of the surface soil on a 1-km grid, which was resampled to the
800-m grid. Thus land cover, NDVI, and soil texture
were integrated into Geographic Information System
layers for the SGP97 ESTAR domain.
Meteorological data, which include air temperature,
wind speed, solar radiation and relative humidity, were
defined for each 800-m pixel using the Mesonet (Fig.
1). For the main region covered by the ESTAR observations, data from 15 stations were used in an interpolation scheme for defining these forcing variables for
each pixel. The wind speed observations for all stations
were available at 10 m above ground level (AGL) and
air temperature was available at 1.5 m AGL. Details of
the measurements and quality control of the data are
described by Shafer et al. (2000).
Tower flux observations were made at the three main
facilities by using Bowen ratio and eddy covariance
techniques. Half-hourly averaged fluxes were recorded.
Twine et al. (2000) provide detailed description of the
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FIG. 1. SGP97 experimental region, showing the main area mapped by the ESTAR instrument, the approximate
locations of the three main facilities, the Mesonet and Micronet sites, and ARM boundary layer facilities.

observations and an analysis of the measurement uncertainties. A key finding was that the sum of eddy
covariance measurements of sensible heat H and latent
heat LE fluxes was consistently less than the available
energy, namely, net radiation R n less soil heat flux G.
This lack of ‘‘closure’’ in the surface energy balance
ranged from 10% to 30% as quantified by taking the
ratio of (H 1 LE)/(R n 2 G), suggesting that, when
available energy measurement errors are known and
modest, the eddy covariance measurements of sensible
and latent heat fluxes should be adjusted to obtain closure.
Aircraft flux and atmospheric boundary layer profil-

ing observations were made by the National Research
Council Canada Twin Otter atmospheric research aircraft at multiple locations and altitudes within the
SGP97 study area. This aircraft has been involved in
numerous field campaigns, including large-scale field
experiments over grasslands with moderate topography
[First International Satellite Land Surface Climatology
Project Field Experiment (FIFE); Sellers et al. 1992a]
and forests (Boreal Ecosystem–Atmosphere Study; Sellers et al. 1997). A summary of the aircraft observations,
instrument description, data processing, and preliminary
flux estimates for the run-averaged data for each flux
run is given in the data report (MacPherson 1998). At
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the time of writing, a description of the data was also
available on the Internet (http://daac.gsfc.nasa.gov/
CAMPAIGNpDOCS/SGP97/airpboundary.html). Besides the flux instrumentation on the Twin Otter aircraft,
a nadir-viewing Barnes Precision Radiometer Thermometer-5 (PRT-5) infrared radiometer was present,
measuring surface temperature along the flight line.
These data will be compared with model-simulated values over the transects described below.
Two of the flight lines with multiple flux runs over
the course of the experimental period are used in the
current validation study. One flight track, ;15 km in
length, was over the El Reno facility, with the aircraft
flying essentially east–west (called the El Reno or ER
track). Another flight track, ;27 km in length, was
north-northeast of the El Reno facility and was a north–
south transect (called the Kingfisher or KF track). For
both ER and KF tracks, the low-level flux runs were
flown at an altitude of approximately 30 m AGL. Preliminary comparisons of tower-based and aircraft-based
sensible and latent heat flux estimates have been made
(MacPherson et al. 1999a,b). The comparisons indicate
that, when using segments of the flight legs having similar land cover in the upwind fetch to that of the towers,
there is good agreement in heat flux predictions.
The approximate locations of the Mesonet stations
used in the interpolation of the meteorological data, flux
towers, and aircraft transects are displayed in Fig. 2
along with the land use/land cover map. In Table 1 is
a list of the land cover type and facility location associated with the flux towers used in the validation of
model output.
In Table 2, a list is provided of days having ESTAR
observations commensurate with either tower and/or aircraft flux observations and general near-surface soil
moisture conditions that existed at the three main facilities and the region surrounding the KF transect. Because tower-based flux observations ran more or less
continuously, they were available for essentially all ESTAR flights. The ESTAR flights were typically conducted over the period of 0800–1300 central standard
time (CST). Hence for this preliminary validation study,
meteorological input data and comparisons with the flux
tower observations for the half-hourly period 1000–
1030 CST were used. The 1030 CST output time was
reasonably close to the mean time of ESTAR coverage
(i.e., 1000–1015 CST) and provides adequate time from
the morning transitional period for a well-developed
turbulent atmospheric boundary layer to exist, providing
suitable conditions for flux measurements and model
application. Additional model runs for other output
times were performed on days for which aircraft flux
observations were available for other time periods (see
Table 2).
3. Model description and parameter estimation
a. Model description
A LATS originally developed to use remotely sensed
surface temperature for estimating component heat flux-

es from both the soil and vegetation canopy [i.e., a twosource model; Norman et al. (1995)] has been recently
modified to employ microwave-derived near-surface
soil moisture as the key surface boundary condition for
estimating component fluxes.
The Two-Source Energy Balance model using nearsurface soil moisture as the key boundary condition
(TSEBSM ) is described in Kustas et al. (1998, 1999). A
schematic (Fig. 3) illustrates the resistance network of
the model, where the subscripts c and s indicate canopy
and soil surface, respectively. The symbols T a and e a
are the temperature and vapor pressure of the air above
the plant canopy; e ac , e c , and e s are the vapor pressure
of the air within the canopy, the air on the leaf surface,
and the air on the soil surface; and T ac is the temperature
in the canopy air space. Symbols T c and T s are the
temperatures of the leaves and the soil surface. The
resistance symbols r a , r ac , and r as represent the aerodynamic resistance of the air above the canopy, the leaf
boundary layer, and the soil surface boundary layer,
respectively, to water vapor and sensible heat transfer.
The resistance symbol rss represents the surface soil resistance to water vapor transfer within the soil. The
parameter e*(T s ) is the saturation vapor pressure at soil
surface temperature T s , and h r is the relative humidity
of the soil layer (see below). Last, W is the volumetric
soil water content of the near-surface soil layer representative of the 0–5-cm layer.
The meteorological inputs required by the model are
surface layer wind speed u, air temperature T a , and vapor pressure e a . The other essential input is the net
radiation R n , which is partitioned between the soil R ns
and vegetation canopy R nc , according to a modified exponential relationship described in Anderson et al.
(1997), namely,
R ns 5 R n exp[2kLAI/Ï2 cos(us ) ]

(1a)

R nc 5 R n{1 2 exp[2kLAI/Ï2 cos(us ) ]},

(1b)

where LAI is the leaf area index, u s is the solar zenith
angle, and the extinction coefficient k varies with fractional vegetation cover and/or LAI. From Norman et al.
(2000), k ø 0.45 for LAI $ 2, k ø 0.6 for 1 # LAI
, 2, and k ø 0.8 for LAI , 1. The soil heat flux G is
taken as a fraction of R ns , namely, G 5 c GR ns , where
c G ø 0.3; however, c G is held constant only for several
hours surrounding midday and is a temporally varying
coefficient during early morning and late afternoon
(Kustas et al. 1998).
Because each pixel requires an estimate of R n , a procedure similar to the one outlined by Kustas et al. (1994)
is followed whereby an estimate of incoming measured
solar radiation is required. Then the net radiation is
computed by estimating the other shortwave and longwave components,
4
R n 5 (1 2 aalb )R s 1 e s e a sT 4a 2 e s sT surf
,

(2)

where e a is the apparent sky emissivity, e s is the surface
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FIG. 2. Land cover map for the ESTAR instrument mapping area along with the locations of the flux towers, aircraft flux
transects, and Mesonet stations used in creating spatially distributed meteorological inputs for the model.

emissivity, s is the Stefan–Boltzmann constant (ø5.67
3 10 28 W m 22 K 24 ), aalb is the surface shortwave albedo, and Tsurf is the surface temperature. The apparent
sky emissivity can be estimated with the analytical equa-

tion from Brutsaert (1979), which uses screen-level air
temperature and vapor pressure. An estimate of albedo
and emissivity was assigned to each of the major land
cover types using lookup tables of Pielke and Avissar
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TABLE 1. Description of flux tower sites used in validating
TSEBSM energy balance predictions. Site codes are defined in Table 2.
Flux tower
site name

Land cover/land use

CF01
CF02
ER01
ER05
ER09
ER13
LW02
LW03d
LW08d

Pasture
Winter wheat
Pasture/rangeland
Pasture/rangeland
Pasture
Winter wheat
Pasture
Pasture/rangeland
Winter wheat

Leaf area index
(LAI)a
1.5
1b
4
2.5
3
0c
2
2
1.5

a
LAI estimated from ground sampling; a description of measurements
and data summary was available online at the time of writing at http://
daac.gsfc.nasa.gov/CAMPAIGNpDOCS/SGP97/sgpvegdatrptv3b.html.
b
During the experiment, the winter wheat was harvested, leaving
wheat stubble; however, field was rapidly revegetated with weeds
because of the frequent precipitation.
c
Approximately one-half of the ‘‘quarter section’’ or ½ mi 3 ½
mi (;800 m 3 800 m) field containing ER13 was plowed wheat
stubble/bare soil, with the remaining one-half composed of pasture/
weeds.
d
Flux observations from these sites were limited by instrument
malfunction/processing problems.

(1990). The surface temperature is estimated from the
soil and canopy temperatures predicted by the model
and weighted by the estimated fractional area of vegetation and bare soil (Norman et al. 1995),
Tsurf ø [ f c T 4c 1 (1 2 f c )T 4s]1/4 ,

(3)

where f c is the fractional vegetation or canopy cover
and is estimated by a remote sensing procedure using
NDVI (described below).
A critical assumption in the model leading to an initial
solution is that the latent heat flux from green plant
leaves can be estimated from the net radiation partitioned
to plant canopy as follows (Norman et al. 1995):

LE c 5

rcp ec 2 eac
D
5 a PT f g
R ,
g
rac
D 1 g nc

(4)

where rc p is the volumetric heat capacity of air (J m 23
K 21 ), g is the psychrometric constant (ø67 Pa K 21 ),
aPT ø 1.3 is the Priestley–Taylor coefficient (Priestley
and Taylor 1972), f g is the fraction of ‘‘green’’ leaves,
and D is the slope of the temperature–saturation vapor
pressure curve. Justification for this parameterization is
described in Norman et al. (1995).
To use the remotely sensed soil moisture, a method
for estimating soil evaporation LE s is required. The following parameterization was chosen (Mahfouf and Noilhan 1991):
LE s 5

rcp h r e*(Ts ) 2 eac
rcp h r e*(Ts ) 2 es
5
,
g
rss 1 ras
g
rss

(5)

where h r is the relative humidity of the air adjacent to
the soil water and rss is the resistance of the surface soil
layer to water vapor transfer. The variable h r is computed from the surface soil water content using the method described by Camillo and Gurney (1986),
h r 5 exp

1R T 2,
Cg
y

(6)

s

where g is acceleration of gravity (9.8 m s 22 ), R y is the
gas constant for water vapor (461.5 J kg 21 K 21 ), and
C is soil the matric potential (m) estimated from Clapp
and Hornberger (1978),
C 5 C s (W/W s ) 2b ,

(7)

where W s is the saturated water content, C s is the saturated soil water potential, and the exponent b is a function of soil type. The value of rss is estimated from the
near-surface soil water content representative of the 0–

TABLE 2. Summary of days with ESTAR observations commensurate with tower and/or aircraft-based flux measurements. Near-surface
soil moisture conditions for the three main facilities, Central Facility (CF), El Reno (ER), and Little Washita (LW) and for the area surrounding
the Kingfisher (KF) flight track (see Fig. 2) are listed.
DOY of ESTAR
observation
176
177
178
180
181
182
183
184
191
192
193
194
195
197

Aircraft-based fluxes
[site/time* (CST)]
ER/1030
ER/1030,
ER/1000
KF/1030,
KF/1030,
ER/1030,
KF/1030

KF/1130, ER/1230
KF/1130
KF/1330
ER/1130

ER/1100, ER/1130
ER/1030, ER/1230
KF/1030, ER/1130, ER/1230

Surface soil moisture conditions** at
CF, ER, and LW facilities and KF flight track
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF

(med), ER (med), LW (med), KF (low)
(high), ER (med–high), LW (med), KF (med)
(high), ER (med–high), LW (med), KF (med)
(med–high), ER (high), LW (med), KF (med–low)
(high), ER (high), LW (med–low), KF (med–low)
(high), ER (med–high), LW (med–low), KF (med–low)
(high), ER (med–high), LW (low), KF (low)
(med–high), ER (med), LW (low), KF (low)
(med–high), ER (med–low), LW (low), KF (low)
(med–high), ER (med), LW (med–high), KF (med–low)
(med), ER (med), LW (med), KF (low)
(med), ER (med–low), LW (med), KF (low)
(med–low), ER (med–low), LW (med–high), KF (low)
(med–low), ER (med–low), LW (med–high), KF (low)

* Represents the ending time for the half-hour period of model output used to compare with the aircraft-based fluxes.
** Near-surface soil moisture conditions are defined as low (W , 10%), med or medium (15% , W , 25%), and high (W . 30%).
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FIG. 3. Schematic of resistance network for the TSEBSM model. Variables are defined in the
text.

5-cm layer and used in an exponential equation given
by Sellers et al. (1992b):
rss 5 exp [a 0 2 a1 (W/W s )],

(8)

where a 0 and a1 are experimentally derived. Values for
the coefficients a 0 (ø8.2) and a1 (ø4.3) obtained by
Sellers et al. (1992b) for the FIFE region in Kansas
were also found to be suitable for the Washita ’92 study
area (Kustas et al. 1999). Therefore, it is unlikely that
these coefficients will vary significantly over the SGP97
region.
b. Model parameter estimation
The TSEBSM model requires several vegetation parameters that help to determine surface momentum
roughness z 0M and displacement height d 0 (Brutsaert
1982; Raupach 1994), wind speed, and resistances inside the canopy and above the soil surface (Norman et
al. 1995). These parameters include vegetation height
h c , leaf width l w , and fractional vegetation cover f c or
LAI. A detailed ground survey of vegetation type and
cover was conducted over the SGP97 region (http://
daac.gsfc.nasa.gov/CAMPAIGNpDOCS/SGP97/
sgpvegdatrptv3b.html); hence, these data were used to
define values of h c and l w .
The fractional cover was estimated by using a normalized NDVI quantity N*, similar to the type developed by Gillies and Carlson (1995). This normalized
parameter N* is scaled between values of NDVI for the
two limits of bare soil ( f c 5 0) and full vegetation cover
( f c 5 1), such that

N* 5

NDVI 2 NDVI o
,
NDVI m 2 NDVI o

(9)

where NDVI o ; 0.2 is typical for bare soil surfaces and
NDVI m ; 0.7 is typical for the full canopy cover (Carlson and Ripley 1997); both upper and lower values are
vegetation and soil moisture dependent. Carlson and
Ripley (1997) show that there is a simple relationship
between N* and f c for a wide range of land surfaces:
f c ø N* 2 .

(10)

A similar result was obtained by Choudhury et al.
(1994), except their equation has a more linear form
that is supported by a review of studies in Gutman and
Ignatov (1998), namely,
f c ø1 2 N*C p ,

(11)

with
N*C 5

NDVI m 2 NDVI
NDVI m 2 NDVI o

(12)

and p ranging from ø0.5 to 0.7 for a dark and bright
soil, respectively.
Because the model uses LAI to partition net radiation
between soil and canopy components [cf. Eq. (1)] and
to determine parameters used in the aerodynamic resistance formulations (Norman et al. 1995), f c needs to be
converted to LAI. For relatively homogeneous canopies,
there is an exponential relationship between f c and LAI
(Choudhury 1987):
f c 5 1 2 exp(2b LAI),

(13)
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where b is a function of the leaf angle distribution (Ross
1975). In this study, Eqs. (11)–(13) were used with p
5 0.625, NDVI o 5 0, NDVI m 5 0.7, and b 5 0.5.
The soil texture–dependent parameters C s and b required in Eq. (7) and values of W s were estimated from
Clapp and Hornberger (1978) using the STATSGO nearsurface soil texture information, which was resampled
to 800 m for estimating soil moisture with the ESTAR
data.
c. Overview of simplifications in LATS formulations
The TSEBSM model was designed to be a physically
based approach, yet to be relatively simple for largescale applications for which detailed soils and vegetation data are not routinely available. As a result, several
of the simplifications in model formulations are at times
likely to cause significant discrepancies between computed and observed fluxes. For example, using a constant Priestley–Taylor coefficient aPT for all vegetation
types may not be appropriate given that plant physiological differences exist and hence affect the magnitude
of aPT (McNaughton and Jarvis 1991); this was actually
observed by Kustas et al. (1996) during Washita ’92.
On the other hand, the model will not permit nonphysical solutions such as LE s , 0 or condensation during
the daytime. In this case, the Priestley–Taylor approximation is dropped, and several approximations are
used, including assigning LE s 5 0, which allows for
direct computation of H s (5R ns 2 G); then by adopting
a parallel resistance network [see Fig. 1 in Norman et
al. (1995)], this allows direct computation of the aerodynamic resistances of the soil, canopy, and surface
layer. With H s , T a , and soil aerodynamic resistance, T s
is estimated and T c is derived from Eq. (3). Then with
T a , T c , and canopy-surface-layer aerodynamic resistance, H c is computed, and LE c 5 R nc 2 H c .
Capehart and Carlson (1997) using a soil profile model show a significant ‘‘decoupling’’ between surface soil
moisture (ø0.5 cm) and the moisture at 5 cm as the soil
dries, suggesting that the surface energy balance is more
strongly coupled to surface moisture conditions than at
deeper layers. This is consistent with the discrepancies
observed by Calvet et al. (1998) when comparing their
LATS-derived surface temperatures with radiometric
temperature measurements. However, both the soil hydraulic properties and the antecedent moisture conditions greatly influence the degree of decoupling between
these layers (Capehart and Carlson 1997). Furthermore,
comparisons between moisture availability simulated by
a LATS model using remotely sensed surface temperature and area-averaged 0–5-cm soil moisture observations show significant correlation (Gillies et al. 1997).
This is in contrast to similar comparisons made with
individual ground-based samples (Carlson et al. 1995)
in which spatial variability in soil moisture can add
considerable noise to such relationships (Famiglietti et
al. 1999).

In the current formulation, the surface soil resistance
rss to water vapor transport, estimated from single nearsurface soil moisture observation, is assumed to be constant for the daytime period. This is an oversimplification of the temporal and functional behavior observed
in other studies (e.g., Daamen and Simmonds 1996; van
de Griend and Owe 1994). However, in practice, errors
from computing daily heat fluxes using a single midmorning near-surface soil moisture observation in the
model were found to be minor in comparison with other
assumptions, such as using a uniform radiation field over
the basin (Kustas et al. 1998, 1999).
Although more sophisticated soil evaporation models
have been proposed (e.g., Yamanaka et al. 1997), they
typically require estimates of model parameters not routinely available over large areas. For example, the model
of Yamanaka et al. (1997) requires an estimate of the
depth of the wetting front, which cannot be measured
with remote sensing.
More physically based approaches linking microwave
emission and transfer through the soil to a model of
simultaneous heat and water flow in the soil profile (e.g.,
Microwave Emission—Soil, Water, Energy, and Transpiration (MICRO-SWEAT); Burke et al. 1997; Simmonds and Burke 1998) have been proposed. These
models, however, are applicable only at the patch scale
and have not been modified to work at the landscape or
regional scales. Moreover, a sensitivity analysis of MICRO-SWEAT by Burke et al. (1997) indicates that model predictions are seriously affected by errors in R n : an
uncertainty of 610 W m 22 in R n translates to an ;5K error in the model-predicted microwave brightness
temperature. Discrepancies between observed and remotely sensed estimates of R n are typically 5%–10% or
;50 W m 22 near midday (Kustas and Norman 1996),
which would translate into an uncertainty in microwave
brightness temperature of approximately 25 K. For certain conditions, such an uncertainty in microwave
brightness temperature will be unacceptable.
4. Results and discussion
a. Flux footprint issues
To compare either the tower- or aircraft-based fluxes
with the model output is not straightforward, because
of variations in the flux footprint or source area affecting
the measurements, which depend on surface roughness,
wind speed, atmospheric stability, and other turbulence
characteristics (Schmid 1994). The flux footprints are
determined from diffusion models, with some of the
analytical approaches being fairly easy to implement
(e.g., Schuepp et al. 1990; Horst and Weil 1992). However, because of the relatively coarse resolution of the
model output (800 m), such approaches are not feasible
with the tower observations. At the typical 2-m AGL
measurement height under unstable daytime conditions,
these fluxes are affected by an upwind fetch on the order
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of 100–200 m, with the maximum contribution coming
from an upwind area ;50 m from the tower (Schuepp
et al. 1990). This means that the tower-based measurements are sampling at subpixel resolution. With the aircraft flux observations, the flux footprint upwind of the
flight leg is significantly larger; however, the influence
of the boundary layer–scale eddies and other largerscale turbulent processes significantly complicates the
interpretation of the aircraft flux data and any simple
methods of determining source areas (Mahrt 1998).
Another difficulty, which is related to the flux footprint issue, comes from selecting the appropriate pixels
of model output to compare with the flux observations,
particularly for the tower-based fluxes. In this case, the
closest pixel to the tower may actually be in a field
having a totally different land use (e.g., the tower is in
a bare soil field and the closest pixel covers a heavily
vegetated rangeland site). Therefore, the procedure was
to select all pixels within 1 km of the tower and average
all the pixels having similar land cover. For the aircraft
transects, the pixels selected were south and slightly
west of the ER flight line, because winds were predominantly from the south and southwest. The rectangular
‘‘box’’ around the El Reno facility (see Fig. 2) represents
the flux footprint for the aircraft and is approximately
12.5 km east–west by 2 km north–south. Because the
aircraft flew farther west than the area covered by ESTAR, 22 pixels of a potential 32 were used in averaging
to compare with the run-average fluxes from the aircraft.
For the KF transect, the comparison with the aggregated
pixels is less straightforward because the flights were
north–south, in the direction of the prevailing winds (see
Fig. 2). In this case, a rectangular box approximately
1.5 km by 26 km was defined, resulting in a total of 31
pixels used in the aggregation to compare with the aircraft.
From scalar conservation requirements, Raupach
(1995) shows formally that the area-averaged scalar
fluxes, H and LE, require elemental flux densities (i.e.,
fluxes from each surface type) to be weighted by the
fraction of area occupied and summed across the landscape. This is done implicitly using a model relying on
remotely sensed data to define land use/land cover and
fractional vegetation cover. If it is assumed that horizontal fluxes between surface types are small in comparison with vertical fluxes, then, by energy conservation, R n and G also average linearly. Model simulations suggest that this assumption is reasonable for a
fairly wide range of conditions (Raupach and Finnigan
1995).
b. Comparison with tower-based flux observations
In Fig. 4, comparisons of the four energy balance
components are made with the flux tower observations
from the three main study areas, namely, the Little
Washita Watershed, El Reno, and the Central Facility.
The agreement between modeled and observed energy
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fluxes is reasonable, with the points generally scattered
about the one-to-one line. The summary statistics are
illustrated in Fig. 5, which shows mean observed values
along with the root-mean-square difference (rmsd) between observed and model-estimated energy fluxes
(Willmott 1982). Relative to the mean, the rmsd values
are not insignificant but are acceptable (see below), except for soil heat flux. Also computed was the mean
absolute percent-difference statistic (MAPD); this is
computed by taking the average of the absolute differences between model and observed, divided by observed and multiplied by 100 to yield a percentage. The
scatter in Fig. 4 yields MAPD values of 6% for R n , 60%
for G, 40% for H, and 18% for LE, suggesting significant discrepancies in G and H but values within measurement uncertainty for R n and LE (Twine et al. 2000).
The relatively large discrepancies in G are not unexpected given that the comparison involves G observations representative of a few-square-meter patch close
to the flux tower being compared with the 800-m gridresolution output of the model. For H, MAPD of about
40% is larger than the typical measurement uncertainty
(i.e., ;25%), yet this level of disagreement is not inconsistent with other comparisons made between regional-scale models and individual-tower flux observations over this study area (e.g., Mecikalski et al. 1999;
Mohr et al. 2000) and points to the difficulty in resolving
the scale mismatch between model and observations
(e.g., Norman et al. 2000).
Investigation of the discrepancies between modeled
and observed heat fluxes for individual sites indicates
that two of the three winter wheat sites (ER13 and CF02)
had the largest uncertainty, with rmsd values on the
order of 80 W m 22 for H and 100 W m 22 for LE. These
larger discrepancies in fluxes at ER13 are due in part
to the fact that nearly one-half the field was pasture
grass and the other one-half was bare soil, thus making
it difficult to have a single 800-m bare soil pixel to
compare with the observations. The CF02 site and surrounding region contained wheat stubble that was rapidly becoming revegetated with weeds caused by frequent rainfall during the study period. Therefore, using
the land use designation of ‘‘winter wheat’’ to obtain
800-m pixels near the CF02 flux tower yielded a relatively wide range in vegetation cover conditions and
hence model-computed heat fluxes, due to different
stages of revegetation in the various winter wheat fields.
c. Comparison with aircraft-based flux and surface
temperature observations
For the comparisons with the run-average aircraftbased R n , H, and LE estimates, multiple runs made by
the aircraft for the time period were averaged (a single
run took between 5 and 10 min). This usually resulted
in computing a mean for two to three run-averaged flux
values to compare with a half-hourly average output
from the model. Comparison of the regional heat fluxes
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suggests reasonable agreement between model and observations, albeit a notable bias for the KF transect (Fig.
6), for which the average difference between modeled
and observed H was about 160 W m 22 and was about
235 W m 22 for LE. This bias cannot be attributed to
lack of closure by the aircraft observations given that
both ER and KF had closure values averaging ;0.9
when using G estimated by the model with R n , H, and
LE from the aircraft. The average fractional vegetation
cover estimated for these transects was approximately
0.4 for ER and 0.25 for KF, which translates to an effective regional LAI of about 1 for ER and about 0.5
for KF. A significant bias in the estimated fractional
cover could result in higher H and lower LE estimated
by the model or it may suggest the bare-soil evaporation
algorithm is underpredicting in some cases.
The rmsd values combining both the ER and KF transects were reasonable when compared with the average
heat fluxes observed (see Fig. 5). Rmsd values were
approximately 30 W m 22 for R n , and about 50 W m 22
for H and LE. The MAPD values were ;5% for R n ,
30% for H, and 15% for LE. The better agreement between modeled and observed heat fluxes with the aircraft-based versus tower-based measurements may be
due to several factors already discussed that relate to
the spatial resolution of the model output and the area
sampled by the tower-based flux sensors. The significant
mismatch in spatial resolution between the relatively
coarse model output (800-m pixel resolution) and the
‘‘subpixel resolution’’ of the tower fluxes (i.e., the tower-based measurements represent an approximately 100m upwind patch) is not an issue with the aircraft flux
data. The modeled fluxes actually need to be aggregated
or averaged over multiple pixels (i.e., ;20–30 pixels)
along the aircraft transect. This averaging not only reduces the variability in the modeled fluxes but also
avoids the issue of trying to provide model output that
matches both the land cover type and fractional cover
condition being sampled at subpixel resolution by the
tower-based measurements.
For the same set of aircraft transects, surface temperature observations from the PRT-5 radiometer averaged over the flight lines were compared with the
simulated Tsurf values from TSEBSM averaged over the
same flight leg. The aircraft data were ‘‘adjusted’’ for
atmospheric attenuation and emissivity effects based on
comparisons with thermal infrared imagery corrected
for such effects over the ER transect (French et al.
2000). This indicated that a correction on the order of
11.58C was needed, which is comparable to what has
been applied to low-altitude aircraft radiometric temperature observations in other studies (e.g., Kustas et
al. 1994; Goetz et al. 1995). The comparison is illustrated in Fig. 7 and shows good agreement between the
TSEBSM-simulated and observed Tsurf values over the
ER and KF transects, with an rmsd of ;1.28C. This
result provides further evidence that the model parameterizations for estimating soil evaporation/temperature

and vegetation transpiration/temperature components
are reliable for the environmental conditions existing
during SGP97.
d. Model sensitivity to uncertainty in remotely sensed
inputs
Kustas et al. (1998) evaluated model sensitivity to the
uncertainty expected in key input variables provided by
remote sensing, namely, LAI and W. They found that,
with the likely uncertainty in remotely sensed LAI
(650%) and the 630% uncertainty in remotely sensed
W, both inputs could cause variations in flux predictions
of ø5% for R n , ø15% for G, and ø25% for H and LE,
on average. With modeled H for both the tower and
aircraft comparisons averaging about 150 W m 22 and
LE averaging about 300 W m 22 , a 25% uncertainty
would translate into approximately 635 and 675 W
m 22 variation in modeled H and LE. Thus the discrepancies between modeled and observed H and LE for
both the tower and the aircraft fall within the likely
uncertainty in these key model parameters.
e. Comparison with a LATS using radiometric
temperature observations
A final comparison is made with the related LATS
model using remotely sensed surface temperature,
namely the TSEB with radiometric temperature
(TSEBTR ; Norman et al. 1995). The TSEBTR model was
run over the El Reno area using thermal infrared and
visible near-infrared data acquired on DOY 183 at
;1015 CST (French et al. 2000). The thermal infrared
data for estimating radiometric surface temperature
came from the airborne Thermal Infrared Multispectral
Scanner (TIMS), and the Thematic Mapper Simulator
(TMS) visible near-infrared imagery was used to create
an NDVI map for the region. The Landsat TM imagery
from DOY 206 was used to derive a land cover/land
use product. Because the land use information was at
the 30-m pixel resolution, the higher-pixel-resolution
(;10 m) TIMS and TMS data were aggregated to 30
m. French et al. (2000) extracted several pixels surrounding the four flux towers (ER sites) and found that
TSEBTR modeled heat flux predictions agreed to within
50 W m 22 of the tower-based observations, on average.
In comparing the two model predictions, the TSEBSM
model output for the area covered by the TIMS and
TMS instruments (;9 km east–west by 4.5 km north–
south) was extracted, yielding 64 TSEBSM model pixels.
The energy balance components of the 64 pixels were
arithmetically averaged and were compared with the
arithmetic average of the TSEBTR model output, which
at 30-m resolution contained nearly 44 000 pixels. As
discussed above, this simple linear averaging of the energy balance components is supported by the theoretical
work of Raupach (1995).
In Fig. 8, the comparison of the regional average
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FIG. 4. Comparison of TSEBSM model output of the energy balance components with the tower flux observations from the various locations
across the SGP97 study area. Points are referenced to flux tower sites listed in Table 1. Line represents perfect agreement between modeled
and observed energy fluxes.

energy balance components for the day analyzed by
French et al. (2000) is remarkably good, especially considering that the TSEBTR model uses radiometric temperature as the key boundary condition instead of ESTAR-derived near-surface soil moisture, and with a pixel resolution of about 1/25 the size of the ESTAR data.
The average fractional vegetation cover estimated for
the area is very similar, with the 64 TSEBSM model
pixels yielding an average f c ø 0.48, whereas the 44
000 TSEBTR model pixels yielded an average f c ø 0.43.
The average Tsurf simulated by TSEBSM was 36.88C,
which is 18C higher than the average observed for the
image (Tsurf ø 35.88C). Given that differences in Tsurf
between TIMS and tower-based observations were
about 18C, the discrepancy between the TSEBSM-simulated and TIMS-observed Tsurf is within the level of
uncertainty in the Tsurf measurement (French et al. 2000).
f. Utility of TSEBSM output
The spatially distributed meteorological input and
surface energy balance output products from this model
provide unique spatial information for LATS research.

In particular, attempts at comparing surface fluxes from
regional-scale models with individual tower observations typically result in significant discrepancies that are
difficult to resolve objectively (Jiang and Islam 1999;
Mohr et al. 2000). Furthermore, these tower observations represent an insignificant fraction of the study area;
hence, model output of the fluxes for most of the region
cannot be validated. The use of aircraft-based flux measurements can provide regional-scale validation, potentially reducing scale mismatch issues and registration
problems between model grid/pixel output and tower
observations, but the footprint issue at the larger scale
still exists, and there is no way to validate individual
pixel values. Therefore, it would seem imperative that
the uncertainty in LATS surface energy balance computations on a regional-scale basis needs to be investigated by evaluating differences in spatially distributed
output among models. There has been little, if any, attempt to perform model intercomparisons of their spatially distributed output.
An example of spatially distributed model input of
the meteorological and soil moisture data for the SGP97
region (Fig. 9) and resulting output of spatially distrib-
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FIG. 5. Average energy balance components and resulting rmsd values with model predictions
for all days from (a) flux tower observations and (b) flux aircraft observations.

uted energy fluxes (Fig. 10) is illustrated for DOY 183
at the 1030 CST output time. From Fig. 9, one observes
significant spatial variability in wind speed, soil moisture, and screen-level air temperature under relatively
uniform solar radiation conditions that existed over the
SGP97 region for the 1000–1030 CST period. A large
area surrounding and to the north of the Central Facility
had the highest wind speeds and near-surface soil moisture from recent rains and the lowest air temperatures,
while a significant area between El Reno and the Central
Facility had the highest air temperature, lowest wind
speed, and some of the lowest near-surface soil moisture
values. The region around the Little Washita Facility
also had low near-surface soil moisture, while the area
around El Reno was still relatively wet (see Table 2).

Both the El Reno and Little Washita facilities had air
temperatures and wind speeds between the two extremes
that existed to the north. This variation in moisture and
meteorological conditions is reflected in the energy balance components (Fig. 10), particularly in the turbulent
heat fluxes, H and LE, for which the highest H and
lowest LE values are computed for this same hot, dry
region between El Reno and the Central Facility as well
as dry areas around the Little Washita. In contrast, the
wetter areas have significantly lower H and higher LE
values.
The spatially distributed Tsurf simulated by TSEBSM
is illustrated along with the soil moisture map for this
same day (Fig. 11). Clearly there is a qualitative correlation that indicates areas that are generally wetter
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FIG. 6. Comparison of TSEBSM model output of the energy balance components with the run-average aircraft flux observations from the
El Reno (ER) and Kingfisher (KF) transects. Line represents perfect agreement between modeled and observed energy fluxes.

have lower Tsurf ; however, other factors such as the fractional vegetation cover and meteorological conditions
have a significant effect on model results. For example,
some of the highest Tsurf values came from the region
having the lowest wind speeds and highest air temper-

FIG. 7. Comparison of TSEBSM model-simulated surface temperature Tsurf vs the PRT-5 thermal infrared radiometer observations averaged over the ER and KF transects. Line represents perfect agreement between modeled and observed Tsurf .

FIG. 8. Comparison of area-averaged energy balance components
estimated by the TSEBSM and TSEBTR models using radiometric surface temperature imagery collected over the El Reno facility on DOY
183 at ;1015 CST (see text).
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FIG. 9. Spatially distributed meteorological and near-surface soil moisture inputs to the TSEB SM model for DOY 183 at 1030 CST output
time over the main ESTAR mapping area.
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FIG. 10. Resulting output of spatially distributed energy balance components computed by the TSEB SM model for DOY 183 at 1030 CST
output time over the main ESTAR mapping area.
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FIG. 11. A map of simulated Tsurf from the TSEBSM model and the near-surface soil moisture W map for DOY 183 at 1030 CST output
time over the main ESTAR mapping area.

atures (see Fig. 8), while an area of low W around the
Little Washita facility does not have correspondingly
high Tsurf values but does have relatively high H (Fig.
10). This same area around the Little Washita facility
is primarily range land, pasture, and forage (see Fig. 2),
resulting in fractional vegetation covers f c of greater
than 0.65, which will strongly modulate the range in
Tsurf via Eqs. (3) and (4).
A plot of simulated Tsurf versus W shows a triangular
shape (Fig. 12) with the apex having the lowest Tsurf
values and highest values of W. The range in Tsurf values
increases with decreasing soil moisture, because the
amount of vegetation cover also significantly affects Tsurf
via the canopy temperature, T c ; T c does not vary as
significantly as the soil temperature T s because of Eq.
(4) and significant differences in the magnitudes of aerodynamic resistances of the canopy and soil (Norman et
al., 1995). When Tsurf values simulated by TSEBSM are
plotted versus NDVI, the resulting figure (Fig. 13) also
has a triangular or trapezoid shape very similar to what
has been observed with remote sensing data analyzed
over this same region during SGP97 (Jiang and Islam
1999).
In fact, by having a model that simulates surface temperature, comparisons with remotely sensed surface
temperature such as observed by Jiang and Islam (1999)

in NDVI–Tsurf space can be used to indicate when model
parameters need adjustment. With a relatively simple
model such as TSEBSM , there are only a handful of
parameters that can be modified, the primary one being
the Priestley–Taylor coefficient. However, a data assimilation scheme using TSEBSM-derived and remotely
sensed surface temperatures will need to consider how
the effects of decoupling between surface and near-surface soil moisture will affect simulated surface temperatures from such a model (Capehart and Carlson
1997). The preliminary comparisons made here between
simulated Tsurf and the PRT-5 observations from the
Twin Otter (cf. Fig. 7) and the airborne TIMS indicate
that TSEBSM simulates surface temperatures that are
within the uncertainty in remotely sensed surface temperature observations.
Another potential application of the NDVI–Tsurf output would be to use it as input to LATS models that
utilize the NDVI–Tsurf relationship to define key model
boundary conditions and/or parameters (e.g., Moran et
al. 1994; Gillies and Carlson 1995; Jiang and Islam
1999). In particular, the so-called triangle method uses
this relationship between observed Tsurf and NDVI to
invert the LATS and predict near-surface soil moisture
and heat fluxes (Gillies et al. 1997). The output in Fig.
13 affords a very efficient way to compare flux predic-
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FIG. 12. A scatterplot of Tsurf simulated by the TSEBSM model for DOY 183 at 1030 CST output time vs nearsurface soil moisture derived from the ESTAR data. The total number of points plotted is approximately 15 200.

tions from various LATS that rely on these data as input,
because the same set of boundary conditions can be
used, and the output from the different models can be
compared on a pixel-by-pixel basis.
5. Concluding remarks
This preliminary analysis of comparing the TSEBSM
model heat flux predictions with tower- and aircraftbased heat fluxes suggests the model is performing satisfactorily in general. There do appear to be larger discrepancies in the partitioning of available energy into
sensible and latent heat fluxes for the tower-based sites
and aircraft transects having lower vegetation cover.
These discrepancies may be caused by errors in soil
moisture and fractional vegetation cover estimates as
well as limitations in the soil evaporation parameterization. A further complication is the mismatch in the
scale of the observations and model resolution, which
is a bigger problem with the tower observations given
that they are sampling at the subpixel resolution. Further
studies using field-scale soil moisture data derived from
ground sampling networks (Famiglietti et al. 1999),
which are at a more appropriate spatial resolution for

comparing model flux computations with the towerbased observations, are planned to investigate this issue.
Comparison with an LATS having similar modeling
structure but using radiometric surface temperature collected at significantly higher pixel resolution (French et
al. 2000) yielded area-average heat fluxes in close agreement with TSEBSM . In addition, the area-average observed radiometric surface temperature differed by 18C
with TSEBSM-simulated area-average value. Additional
evidence of good agreement between TSEBSM-simulated
Tsurf and observed surface temperature, yielding an rmsd
of 1.28C, came from comparisons with the Twin Otter
PRT-5 measurements averaged over the ER and KF transects (Fig. 7).
Although TSEBSM is a relatively simple model, it contains the essential physics governing energy exchanges
from the two primary sources, soil and vegetation, and
hence may help to interpret some empirical results obtained recently using multiregression fits between the
heat fluxes and remotely sensed parameters for the
SGP97 region (MacPherson et al. 1999b). Their preliminary analysis indicates that the remotely sensed soil
moisture data were not a major factor in accounting for
the variance in the aircraft-based H and LE observa-
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FIG. 13. A scatterplot of Tsurf simulated by the TSEBSM model for DOY 183 at 1030 CST output time vs NDVI from
the Landsat TM image for the main ESTAR mapping area. The total number of points plotted is approximately
15 200.

tions. The multiregression models, based on remotely
sensed R n , Tsurf 2 T a , and a ‘‘greenness index,’’ estimated H and LE with standard errors on the order of
25 and 45 W m 22 , respectively. However, the W–Tsurf
and NDVI–Tsurf relationships illustrated in Figs. 12 and
13 suggest that the impact of near-surface soil moisture
on the heat fluxes is strongly modulated by the amount
of vegetation cover. Thus the correlation between W and
the heat fluxes will depend on the range in fractional
canopy cover and moisture conditions existing in the
specific area selected.
For example with DOY 183, 1030 CST, output, which
had a wide range in soil moisture conditions, the correlation coefficients R between H and LE computed by
the model versus W for the whole SGP97 region were
about 20.70 and 0.52, respectively. For the ER transect,
there were stronger correlations between H and LE computed by the model versus W, with R ø 20.83 and 0.81,
respectively; yet, the correlations are significantly lower
for the KF transect where R ø 20.49 and 0.33, respectively. This example clearly demonstrates that the
area selected as well as moisture conditions for a particular day can strongly influence the correlations be-

tween the heat fluxes and near-surface soil moisture
(Mohr et al. 2000).
The heat flux and surface temperature ‘‘maps’’ simulated by the TSEBSM model can be made available for
comparison with output from other LATS models using
remote sensing data such as from the Advanced Very
High Resolution Radiometer (Gao et al. 1998; Jiang and
Islam 1999), the Geostationary Operational Environmental Satellite (e.g., Anderson et al. 1997; Mecikalski
et al. 1999), and the Special Sensor Microwave Imager
(e.g., Lakshmi et al. 1997). This output can also be
compared with regional-scale simulations using models
from the SVAT community (e.g., Mohr et al. 2000). The
current approach provides independent estimates of the
heat fluxes to compare with the models that utilize the
NDVI–Tsurf relationship on a pixel-by-pixel basis (e.g.,
Moran et al. 1996; Gillies et al., 1997). This is impossible to do routinely with tower-based heat flux observations.
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