
Available online at www.sciencedirect.com

t 112 (2008) 1130–1143
www.elsevier.com/locate/rse
Remote Sensing of Environmen
Modelling surface energy fluxes over maize using a two-source patch model
and radiometric soil and canopy temperature observations

J.M. Sánchez a,⁎, W.P. Kustas a, V. Caselles b, M.C. Anderson a

a Hydrology and Remote Sensing Laboratory, USDA-ARS, Bldg. 007, BARC West, Beltsville, MD 20750, United States
b Earth Physics and Thermodynamics Department, University of Valencia, C/Dr. Moliner, 50, 46100 Burjassot, Valencia, Spain

Received 13 March 2007; received in revised form 18 July 2007; accepted 21 July 2007
Abstract

Models estimating surface energy fluxes over partial canopy cover with thermal remote sensing must account for significant differences
between the radiometric temperatures and turbulent exchange rates associated with the soil and canopy components of the thermal pixel scene.
Recent progress in separating soil and canopy temperatures from dual angle composite radiometric temperature measurements has encouraged the
development of two-source (soil and canopy) approaches to estimating surface energy fluxes given observations of component soil and canopy
temperatures. A Simplified Two-Source Energy Balance (STSEB) model has been developed using a “patch” treatment of the surface flux sources,
which does not allow interaction between the soil and vegetation canopy components. A simple algorithm to predict the net radiation partitioning
between the soil and vegetation is introduced as part of the STSEB patch modelling scheme. The feasibility of the STSEB approach under a full
range in fractional vegetation cover conditions is explored using data collected over a maize (corn) crop in Beltsville Maryland, USA during the
2004 summer growing season. Measurements of soil and canopy component temperatures as well as the effective composite temperature were
collected over the course of the growing season from crop emergence to cob development. Comparison with tower flux measurements yielded
root-mean-square-difference values between 15 and 50 W m−2 for the retrieval of the net radiation, soil, sensible and latent heat fluxes. A detailed
sensitivity analysis of the STSEB approach to typical uncertainties in the required inputs was also conducted indicating greatest model sensitivity
to soil and canopy temperature uncertainties with relative errors reaching ∼30% in latent heat flux estimates. With algorithms proposed to infer
component temperatures from bi-angular satellite observations, the STSEB model has the capability of being applied operationally.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The estimation of surface energy fluxes using remote sensing
techniques has been widely studied in recent years. Despite
some early criticisms suggesting that thermal infrared satellite
observations are not sufficiently accurate for energy balance
modelling (eg., Hall et al., 1992; Sellers et al., 1995), a wide
variety of field experiments and associated studies have clearly
shown the feasibility of using thermal remote sensing in the
retrieval of surface fluxes (Anderson et al., 1997).

The development of two-source (soil+vegetation) layer
models to accommodate partial canopy cover conditions
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considers energy exchange between soil and canopy compo-
nents, and hence interaction between soil and canopy elements
(Choudhury & Monteith, 1988; Shuttleworth &Wallace, 1985).
Another type of two-source model formulation is the so-called
patch model where it is assumed that all the fluxes act vertically
and that there is no interaction between soil and canopy
components (i.e., a complete energy balance between the
atmosphere and each element; Blyth & Harding, 1995; Lhomme
& Chehbouni, 1999).

Norman et al. (1995) introduced a remote sensing-based two-
source layer modelling framework for computing surface fluxes
using directional brightness temperature observations. The
Two-Source Energy Balance model (TSEB) was developed to
require minimal inputs, similar to single-source models. Since
typically only composite brightness temperature observations
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are available, an additional assumption is required for obtaining
initial estimates of soil and vegetation canopy component
temperatures and energy fluxes. For the TSEB scheme, the
Priestley–Taylor (PT) equation applied to the vegetated canopy
is used to obtain an initial solution. Although the TSEB uses the
Priestley–Taylor approximation as an initial estimate for the
canopy transpiration flux, the model has a built-in mechanism
for throttling the PT coefficient, αPT, back from its potential
value (∼1.3) when conditions of vegetation stress are detected
(Kustas et al., 2004). The TSEB model has been widely applied,
validated and modified to deal with unique landscapes over the
past several years (French et al., 2003, 2005; Kustas & Norman,
1999a, 2000; Li et al., 2005; Schmugge et al., 1998).

Alternatively, if the partitioning of composite land-surface
temperature into soil and canopy temperatures is known a priori,
e.g., through dual angle Thermal InfraRed (TIR) decomposition
(e.g., François, 2002; Otterman et al., 1992), the soil and canopy
latent heat rates can be computed directly as a residual to the
component energy budgets. In this case, the PT formulation is
no longer required in the TSEB scheme (Kustas & Norman,
1997, 1999b).

In this paper a Simplified Two-Source Energy Balance
(STSEB) model is developed, based on a patch representation of
the energy exchange from soil and canopy, which permits esti-
mation of surface fluxes under partial canopy cover conditions
directly from component soil and canopy temperatures. A simple
algorithm to predict the net radiation partitioning between soil
and vegetation is also developed as part of the STSEB model.

Reliable measurements of the soil and canopy temperatures
are required as inputs in the STSEB. These temperatures are not
readily available from most satellite systems. Otterman et al.
(1992) proposed one of the first models for inferring canopy and
underlying soil temperatures from multi-directional measure-
ments. Further studies on the angular effects on the brightness
surface temperature for a variety of canopies (e.g., Chehbouni
et al., 2001a; Lagouarde et al., 1995, 2000) were followed by
new models to obtain soil and canopy temperatures from dual
angle radiometric temperatures (François, 2002; François et al.,
1997). Experiments using these dual angle observations of
radiative surface temperature, in conjunction with energy
balance models, to derive heat fluxes over partially vegetated
surfaces have been conducted with varying degrees of success
(Chehbouni et al., 2001b; Jia et al., 2003a; Kustas & Norman,
1997, 1999b; Merlin & Chehbouni, 2004). The Advanced
Along-Track Scanning Radiometer (AATSR) on board the
EOS-Terra satellite is currently able to provide quasi-simulta-
neous multispectral measurements at two view angles (approx-
imately 0° and 53° at surface). Jia et al. (2003b) developed an
operational algorithm to retrieve soil and canopy temperature
over heterogeneous land surface based on the analysis of dual-
angle and multi-channels observations made by the previous
version of the AATSR, the second Along-Track Scanning
Radiometer (ATSR-2).

The limitations and uncertainties in retrieving these
component temperatures from the ATSR-2 observations
indicate that the algorithm for retrieving the soil and canopy
component temperatures, required as inputs in the STSEB
model, may be acceptable for operational applications using
satellite observations. Kimes (1983) presented a strategy for
obtaining component temperatures in a cotton row crop using
multi-angle TIR measurements. He obtained root mean square
deviation (RMSD) values of 1 °C for the vegetation temperature
and of 2 °C for the soil temperature with respect to observed
component temperatures. Chehbouni et al. (2001a,b) measured
radiative temperature, over a grassland site, at two viewing
angles mimicking nadir and forward observations of the
AATSR. These authors concluded that an error of 1 °C in
measured directional radiative temperature leads to an error of
about 1 °C in the inverted component temperatures. Similar
errors were obtained by Merlin and Chehbouni (2004). These
authors inverted soil and canopy temperatures from simulations
of directional temperature observations, yielding estimation
errors in the range 1–2 °C.

The objective of this paper is to validate the STSEB model
under conditions of variable vegetation cover, as well as to
explore its sensitivity to the input uncertainties likely to
typically occur at regional scales. Ground and tower-based
remote sensing, vegetation cover and micrometeorological data
from maize (corn) crop in an experimental field site in Beltsville
Maryland, USA during the 2004 summer growing season were
used.

This paper is organized as follows. Section 2 provides the
framework and details of the proposed STSEB model. A
description of the study site and data used in this study are
described in Section 3. An analysis of the radiometric
temperatures and the energy balance measurements are given
in Section 4. In Section 5, the results of a comparison between
the surface energy balance components from the STSEB model
and the observations as well as a STSEB–TSEB model inter-
comparison are discussed. In addition, a sensitivity analysis of
the STSEB model to uncertainties in key inputs is provided and
the dependence on the fractional vegetation cover is also
presented. Finally, conclusions are given in Section 6.

2. Model description

The net energy balance of soil–canopy–atmosphere system
is given by (neglecting photosynthesis and advection):

Rn ¼ H þ LE þ Gþ F ð1Þ
where Rn is the net radiation flux (W m−2), H is the sensible
heat flux (W m−2), G is the soil heat flux (W m−2), and F is the
rate of change of heat storage in the canopy layer (W m−2). For
short canopies, F can be neglected since its contribution to
energy balance is usually quite small and difficult to reliably
estimate with standard micrometeorological measurements
(Meyers & Hollinger, 2004; Wilson et al., 2002). The effective
radiometric surface temperature in the same system, TR (K), can
be obtained as a weighted composite of the soil temperature,
Ts (K), and the canopy temperature, Tc (K):

TR ¼ PvðhÞecT4
c þ ð1� PvðhÞÞesT4

s

e

� �1=4
ð2Þ



Fig. 1. Scheme of resistances and flux partitioning between soil and canopy, corresponding to the STSEB approach. Symbols are defined in the text.
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where εc, and εs, are the canopy and soil emissivities, respec-
tively, ε is the effective surface emissivity, and Pv(θ) is the
fractional vegetation cover for the viewing angle θ. Note that
Eq. (2) is based on the Stefan–Boltzmann law. Also, interaction
between soil and canopy components (cavity effect) is not
accounted for since preliminary calculations showed that it
could be neglected for this work.

The angular vegetation cover fraction Pv(θ) can be estimated
from the measurements of Leaf Area Index (LAI) via:

PvðhÞ ¼ 1� exp
�0:5XðhÞLAI

cosðhÞ
� �

ð3Þ

where Ω(θ) is a clumping factor to characterize the heteroge-
neity of the surface (Anderson et al., 2005). This factor makes it
possible to extend the typical equations for random canopies to
heterogeneous cases. Lower values of Ω indicate stronger
clumping, while Ω=1 for a homogeneous canopy with a
random dispersion of leaf area, and ΩN1 indicates more
regularized distributions. The clumping factor typically varies
with the viewing angle, attaining a minimum value at nadir view
(Ω0). For a description of how to estimate Ω0 from ground
measurements of LAI, and the fractional amount of inter-row
spacing covered by the crop canopy, see Li et al. (2005). The
dependence of the clumping factor on θ can be estimated with:

XðhÞ ¼ X0Xmax

X0 þ ðXmax � X0ÞexpðjhpÞ ð4Þ

whereΩmax approaches unity for an azimuth view perpendicular
to the crop row, p=3.8−0.46D, D is the ratio between the
canopy height and the nominal clump width, and k depends on
stand architecture (Campbell & Norman, 1998). For azimuthal
views perpendicular to the row, k can be obtained by the
expression, k=[0.3+(1.7 Ω0)

14] (Anderson et al., 2005). Note
that in row crops and other anisotropic stands, the clumping
factor, and consequently the vegetation cover, will also vary
azimuthally through the parameters k and Ωmax. Anderson et al.
(2005) provides algorithms for estimating the expected
variation of these parameters with azimuth angle.

The partitioning of the different fluxes into soil and canopy
components was accomplished according to the scheme shown
in Fig. 1. In the patch approach, an analogy between Ohm's law
and the heat transfer equation shows that the magnitude
corresponding to H is the current density (intensity per unit
area). Therefore, according to this configuration, the addition
between the soil and canopy contributions (values per unit area
of component) to the total sensible heat flux, Hs and Hc,
respectively, are weighted by their respective partial areas as
follows (Lhomme & Chehbouni, 1999):

H ¼ PvHc þ ð1� PvÞHs ð5Þ
where Pv (without a view angle argument) refers to the cover
fraction at nadir view (i.e. θ=0°). In Eq. (5), Hs and Hc are
expressed as:

Hc ¼ qCp
Tc � Ta

rha
ð6aÞ

Hs ¼ qCp
Ts � Ta
raa þ rsa

ð6bÞ

where ρCp is the volumetric heat capacity of air (J K−1m−3), Ta
is the air temperature at a reference height (K), ra

h is the
aerodynamic resistance to heat transfer between the canopy and
the reference height at which the atmospheric data are measured
(m s−1), ra

a is the aerodynamic resistance to heat transfer
between the point z0M+d (z0M: canopy roughness length for
momentum, d: displacement height) and the reference height
(m s−1), ra

s is the aerodynamic resistance to heat flow in the
boundary layer immediately above the soil surface (m s−1). A
summary of the expressions to estimate these resistances is
shown in the Appendix. Eqs. (6a) and (6b) are taken from the
parallel configuration of the TSEB model (Li et al., 2005;
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Norman et al., 1995), modified to take into account the distinc-
tion between ra

h and ra
a.

To be consistent with the patch model configuration, a
partitioning of the net radiation flux, Rn, between the soil and
canopy is proposed as follows:

Rn ¼ PvRnc þ ð1� PvÞRns ð7Þ
where Rnc and Rns are the contributions (values per unit area of
component) of the canopy and soil, respectively, to the total net
radiation flux. They are estimated by establishing a balance
between the long-wave and the short-wave radiation separately
for each component:

Rnc ¼ ð1� acÞS þ ecLsky � ecrT
4
c ð8aÞ

Rns ¼ ð1� asÞS þ esLsky � esrT
4
s ð8bÞ

where S is the solar global radiation (W m−2), αs and αc are soil
and canopy albedos, respectively, σ is the Stefan–Boltzmann
constant, and Lsky is the incident long-wave radiation (W m−2).

A similar expression to Eq. (5) is used to combine the soil
and canopy contributions, LEs and LEc, respectively, to the total
latent heat flux:

LE ¼ PvLEc þ ð1� PvÞLEs: ð9Þ

According to this framework, a complete and independent
energy balance between the atmosphere and each component of
the surface is established, from the assumption that all the fluxes
act vertically. In this way, the component fluxes to the total
latent heat flux can be written as:

LEc ¼ Rnc � Hc ð10aÞ

LEs ¼ Rns � Hs � G
ð1� PvÞ : ð10bÞ

Finally, G can be estimated as a fraction (CG) of the soil
contribution to the net radiation (Choudhury et al., 1987):

G ¼ CGð1� PvÞRns ð11Þ
where CG can vary in a range of 0.2–0.5 depending on the soil
type and moisture. Recent studies have also expressed CG as a
function of time to accommodate temporal variation in this
fraction (Santanello & Friedl, 2003).

The STSEB scheme is similar to a patch approach in that
there is a real weighting of the soil and canopy elements and no
direct coupling is allowed between soil and vegetation.
Moreover, the current formulation for estimating the net
radiation for soil and canopy is quite different from the
common Beer's Law representation or the more physically-
based two-stream layered approach proposed by Kustas and
Norman (2000). The STSEB net radiation model does not
consider attenuation of the downwelling sky and upwelling soil
emission by an intervening canopy layer.
If Ts and Tc, can be estimated from directional measurements
of TR, or directly observed from appropriate measurements of
the soil and canopy components, the system of equations in the
STSEB can be solved without using the Priestley–Taylor
approach to provide an initial estimate of LEc. This proposed
simplified approach (STSEB) is similar to a version of the
TSEB model which also was modified to use directional
radiometric temperature observations without the use of the PT
assumption (Kustas & Norman, 1997, 1999b).

3. Study site and measurements

This work is based on the data registered in a corn crop field
associated with the Optimizing Production Inputs for Economic
and Environmental Enhancement (OPE3) program, located at
the USDA-ARS Beltsville Agricultural Research Center,
Beltsville, Maryland (39° 01′00′′N, 76° 52′00′′W, 40 m
above sea level). This site has four hydrologically bounded
watersheds of approximately 4 ha each, which feed a wooded
riparian wetland and first-order stream (Fig. 2a). For more
information on the OPE3 experimental site see http://www.ars.
usda.gov/Research/docs.htm%3Fdocid%3D8438. In this paper
we will focus on the experimental campaign carried out in the
summer of 2004, encompassing all the stages in the corn grow-
ing season, from the beginning of June (plant emergence) to the
end of July (cob formation). Corn was planted on May 18th in
rows (N–S orientated) of 76-cm spacing.

Starting on June 9th, soil and canopy radiometric tempera-
tures were measured simultaneously using Apogee IRTS-P3
infrared radiometers1. This radiometer has a broad thermal band
(7–14 μm) with an accuracy of ±0.3 °C, and 37° field of view.
Soil temperature was measured with an Infrared Thermometer
(IRT) mounted in the center of a row at an oblique angle (∼45°)
viewing parallel to the row crop. It was placed at a height
appropriate to ensure the view of just the soil space between
rows. Canopy temperature was sensed with a second IRT placed
within the row and oriented horizontally, viewing the plants
parallel to the row orientation (Fig. 2b). The horizontal
orientation ensured that this IRT was viewing only vegetation.
Both temperature components were measured at two separated
locations in the corn field, using two pairs of radiometers.
Concurrently, the effective composite temperature of the corn+
soil system was measured by a fifth IRT placed on a tower at
4.5 m height, viewing the surface at approximately a 45°
viewing angle and an azimuth view perpendicular to the row
direction. The micro-meteorological and eddy covariance ins-
trumentation were mounted on the same 10-m tower (Fig. 2c).

Net radiation was measured with a Kipp & Zonen CNR-1 net
radiometer at 4.5 m above ground level (agl). This net
radiometer measures separately the incoming and outgoing
shortwave and long-wave radiation components. Six REBS soil
heat flow transducers (HTF-1) were buried 6-cm below the soil
surface. Soil temperatures were measured at 2 and 4-cm depth
by two Type-T soil thermocouples to compute the storage

http://www.ars.usda.gov/Research/docs.htm%3Fdocid%3D8438
http://www.ars.usda.gov/Research/docs.htm%3Fdocid%3D8438


Fig. 2. (a) Aerial picture of the OPE3 study site. (b) Experimental assembly of
two Apogee IRTS-P3 infrared radiometers to measure Tc and Ts. (c) General
view of the target and the micro-meteorological tower on which the
instrumentation was mounted.
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component of the soil heat flux above the plates. A Campbell
Scientific 3-D sonic anemometer and LiCor 7500 water vapour/
carbon sensor positioned at 4-m agl was used to measure
momentum, sensible heat, latent heat and carbon fluxes, as well
as wind speed and direction. The eddy covariance instrumen-
tation was oriented to the southwest, the predominant wind
direction during the summer growing season. Unfavourable
winds out of the north compromising the sonic measurements
were flagged by the sensor system and discarded during post
processing. Air temperature and vapour pressure was measured
using a CSI HMP 45C sensor at 4-m agl. The sampling
frequency was 10 Hz for the eddy covariance and 10 s for the
energy balance and meteorological instrumentation. All data
were stored as 30-minute averages on Campbell CR5000 and
23× data loggers.

Canopy geometry and LAI were sampled periodically during
corn development. Measurements were made at multiple
locations surrounding the tower and for the two sites where
soil and canopy radiometric temperatures were being measured.
Canopy height was sampled weekly, measuring 3 representative
plants at each site to the height of the top leaves. The width of the
vegetation clump across the row, used to compute the clumping
parameter p in Eq. (4), was inferred from digital pictures taken
above the target, using a digital analysis program. The LAI
estimates were made using a LiCor LAI 2000 instrument.
Finally, soil moisture was also monitored to better understand
surface and subsurface soil water dynamics. Capacitance probes
(EnvironSCAN, SENTEK), were used to measure volumetric
water contents within a 10 cm radius from each sensor's center.
The 2004 growing season was fairly wet, with volumetric water
content values ranging between 12% and 27%.

4. Model input and validation data

4.1. Radiometric measurements

Ancillary measurements required to reliably estimate several
key input variables to the STSEB model (i.e., radiometric soil
and canopy temperatures and fractional cover) were analyzed
and corrected for known errors.

The Pv(θ) values were estimated using Eqs. (3) and (4) as
described in Section 2 with the necessary measurements needed
to estimate the equation coefficients. A daily LAI value was
interpolated from periodic measurements taken over the course
of the experiment using a third order regression equation; this
reproduced the expected phenological behaviour of LAI
through the growth cycle (see Fig. 3a). A similar process was
applied for reproducing the behaviour of canopy height from the
periodic collected samples (see Fig. 3b). The clumping factor Ω
(45°), associated with the view angle of the tower IRT
measurement, was estimated via Eq. (4) using values of Ω0

from Li et al. (2005) and Anderson et al. (2005), obtained over
corn during the SMACEX-02 campaign in Iowa. Adjusting for
the crop growth curves at OPE3 yielded Ω0 values of 0.62, 0.70,
0.83, and 0.88 for the days of year 180, 186, 197, and 201,
respectively. Daily values of Ω0 were linearly interpolated
between these values. Fig. 3c shows the time-evolution of the



Fig. 3. (a) LAI evolution during the experiment, points correspond to sample measurements with an uncertainty of 20% whereas the line represents the regression of
those points. (b) Canopy height evolution during the experiment, points correspond to sample measurements with an uncertainty of 10% whereas the line represents the
regression of those points. (c) Evolution of the modelled Pv(θ) during the experiment, for both θ=0° and θ=45°. (d) Evolution of the effective surface emissivity
during the experiment.
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vegetation cover fraction values, Pv (0°) and Pv (45°) during the
experiment.

Accurate measurements of both Tc and Ts, and the vertical
gradients with respect to the reference air temperature are crucial
for a correct partitioning of the surface fluxes from soil and
canopy components. For the canopy component, these gradients
are often less than 1 °C. Consequently, radiometric canopy
temperatures must be determined with a relatively high level of
accuracy. As a first step, all the Apogee IRT measurements were
corrected to add thermal mass, using a sensor body temperature,
according to the procedure outlined by Bugbee et al. (1999).
Then, the radiometric temperatures were corrected for emissivity
and atmospheric effects using the radiative transfer equation,
adapted to ground measurements. The remotely measured
radiance values in channel i of a radiometer at an observation
angle θ, Ri (θ,h), consist of two main contributions: (1) the
radiance at surface level, which is attenuated by the absorption of
the atmosphere between the surface and the instrument,
characterized by the atmospheric transmittance and (2) the path
radiance emitted by the atmosphere in the viewing direction. Due
to the short atmospheric path between the surface and the sensor
in our cases, the path radiance is negligible and the atmospheric
transmissivity is equal to one. Consequently, the radiance
measured by a ground radiometer can be considered directly as:

Riðh; hÞ ¼ eiðhÞBiðTÞ þ ½1� eiðhÞ�L⇓i atm hem ð12Þ

where Bi(T) is the Planck's function for a temperature T, εi(θ) is
the i channel emissivity and Li

⇓
atm hem is the hemispheric

downwelling sky irradiance divided by π (Lambertian reflection
assumed).

Atmospheric profiles from radiosoundings launched in an
area nearby the study site were used in the MODTRAN 4 code
(Berk et al., 1999) to estimate the downwelling sky radiance for
the atmospheric correction. Values of εc=0.985±0.011 and
εs=0.960±0.013 were used to estimate Tc and Ts, respectively
(Rubio et al., 2003). Some authors, such as Mira et al. (in press),
have shown that soil emissivity can vary with soil moisture.
However, a constant value of εs was used in this work since the
maximum difference calculated in its value (using the relation-
ships derived in Mira et al. (in press)), consequence of the soil
moisture variation during the experiment, was very similar to
the estimation error of 0.013, obtained by Rubio et al. (2003).
To obtain values of Tc and Ts that are more representative of the



Fig. 5. Linear regression between the two terms of the Energy Balance Equation.

Fig. 4. Linear regression between TR estimated by Eq. (2) from the
measurements of Tc and Ts versus the direct observations from the tower.
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whole corn field, averages between the two different measure-
ment locations were used.

From a modelling standpoint, the vegetation–soil system can
be described as consisting of five basic components: the top,
shaded canopy, shaded soil, sunlit canopy, and sunlit soil. Thus,
the radiance reaching a sensor placed at the top of the system is
the weighted sum of the radiances coming from the different
parts. Caselles et al. (1992) developed a theoretical model
describing the relationship between the effective temperature of
the radiative vegetation–soil system and the temperature of each
component, depending on the proportions of each component,
their emissivities, and the crop structure. These authors used an
Everest Model 210 broadband radiometer, with an instantaneous
field of view (IFOV) of 2°, to validate the proposed model over
an orange grove. Model validation was carried out in the case
corresponding to vertical observation, yielding a standard error
of estimate about 1 °C with an underestimation of 0.2 °C.

For the current experiment, the corn–soil systemwas reduced
to only two components since it was assumed that the wide field
of view of the Apogee radiometers (∼40°), and the deployment
configuration, sampled effective values of the soil and canopy
temperatures, weighting for the sunlit and shaded portions (Note
that the impact of the diurnal variations in the ratio of sunlit/
shaded leaves viewed by the canopy IRT cannot be accounted
with the measurement design used in the experiment.). The
reliability of these soil and canopy temperature components was
evaluated by computing an effective surface temperature via Eq.
(2) and comparing to the composite target radiometric
temperatures measured from the tower. The tower radiometric
temperatures were also corrected of atmospheric and emissivity
effects. In this case, the emissivity of the target observed by the
radiometer depends on the vegetation cover fraction and was
estimated as a combination of εc, εs, and a cavity term
accounting for the multiple reflections inside the canopy
structure. The method proposed by Valor and Caselles (1996)
was used to determine the effective surface emissivity (ε=εcPv(θ)+
εs(1−Pv(θ))(1−1.74Pv(θ))+1.7372Pv(θ)(1−Pv(θ))). Fig. 3d
shows the evolution of the value of this effective surface emissivity
during the campaign.

In Fig. 4 TR estimated from the measurements of Tc and Ts is
compared to direct observations from the tower-based radiom-
eter. A standard error of ±1.4 °C and a bias of 0.02 °C were
obtained, with a slight tendency to overestimate the low TR
values and to underestimate the high values. Even though the
standard error is greater than that found by Caselles et al.
(1992), the agreement is acceptable, particularly if we consider
the significant variation in environmental and canopy cover
conditions that existed over the two month period of
observation. Moreover, the flux tower was located 10s of
meters from the radiometers viewing the soil and canopy
components. Consequently, slight discrepancies in the effective
temperatures, due to differences in the fractional cover and
surface soil moisture conditions between the two sites will
contribute to the scatter observed. Also, note that Tc and Ts were
observed parallel to the row crop whereas TR was sensed at a
perpendicular view, which is likely to affect the level of
agreement one could expect from this type of comparison.
Given these uncertainties, these results support the assumption
that temperature components, Tc and Ts, from the radiometric
observations are representative of the effective soil and canopy
temperatures in the flux footprint area surrounding the tower
and thus can be employed with the STSEBmodel for computing
the fluxes. In future field experiments the decomposition of
dual-angle IRT measurements for inferring soil and canopy
temperature components will be evaluated and resulting flux
estimation using the STSEB model will be assessed.

4.2. Flux measurement uncertainty

A lack of the energy balance closure has been observed in
numerous eddy covariance studies conducted over different
landscapes. Possible causes of observed energy imbalances
include instrumental effects, corrections applied when post-
processing of the turbulence data, the length of the sampling
interval, and the heterogeneity of the landscape (Foken et al.,
2006; Lamaud et al., 2001; Laubach & Teichmann, 1999;
Meyers & Hollinger, 2004; Wilson et al., 2002). Analysis of the
energy balance over corn crops has shown closure ratios around
0.8 (Prueger et al., 2005), although 0.9 is attainable (Meyers &
Hollinger, 2004). In Fig. 5 a linear regression between Rn and
the sum H+LE+G from Eq. (1) for the OPE3 dataset yields a
slope ∼0.9, which indicates approximately 10% of the
estimated available energy is not accounted for, on average.



Table 2
Statistical analysis a of the STSEB model performance with the daytime OPE3-
2004 dataset

Flux Biasa

(W m−2)
RMSDb

(W m−2)
MADc

(W m−2)
ad be

(W m−2)
r2f

Rn 8 18 13 1.01 5 0.992
G 17 43 31 0.66 35 0.620
HEC −3 22 16 0.86 3 0.746
HBR −10 26 19 0.76 2 0.738
LEEC 29 62 49 1.04 22 0.820
LERE −6 51 40 0.98 −2 0.849
LEBR 0 49 40 1.00 0.6 0.854
a See Table 1 for column definitions.

Table 1
Statistical analysis of the STSEB model performance with the full OPE3-2004
dataset (daytime+nighttime)

Flux Biasa

(W m−2)
RMSDb

(W m−2)
MADc

(W m−2)
ad be

(W m−2)
r2f

Rn 3 13 9 1.02 0.06 0.997
G 20 38 30 0.70 24 0.767
HEC −1.7 19 13 0.77 3 0.749
HBR −8 24 16 0.68 1.5 0.719
LEEC 5 61 48 1.20 −15 0.863
LERE −15 48 40 1.10 −27 0.919
LEBR −7 48 39 1.11 −22 0.914

HEC and HBR are the sensible heat fluxes measured by eddy-correlation and
calculated by conserving the measured Bowen ratio, respectively. LEEC, LERE

and LEBR are the latent heat fluxes measured by eddy-correlation, and obtained
using residual method and Bowen ratio method as closure, respectively.
aBias: BIAS ¼ Pn

i¼1
ðPi � OiÞ=n:

bRoot Mean Square Difference: RMSD ¼ Pn
i¼1

ðPi � OiÞ2=n
� �1=2

:

cMean Absolute Difference: MAD ¼ Pn
i¼1
jPi � Oij=n:

dSlope of the linear regression: Pi=aOi+b.
e Intercept of the linear regression: Pi=aOi+b.
fDetermination coefficient.
where Pi and Oi are the predicted and observed variables, respectively.
⁎Error values are shown with two significant figures in order to allow further
analysis and comparisons.
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Twine et al. (2000) suggested two methods to enforce the
energy balance closure, namely by calculating the latent heat
flux as a residual of the energy balance (RE method), and by
conserving the measured Bowen ratio (BR method). In the RE
method, the direct eddy-covariance measurements of H are
assumed reliable and lack of closure is largely due to an under-
measurement of LE. In the BR method, it is assumed both
turbulent fluxes are under measured with the amount distributed
between H and LE based on the Bowen ratio (H /LE), which
defines the fraction of available energy going into sensible
versus latent heat. Since there is no consensus on how to resolve
lack of energy balance closure with eddy covariance, compar-
ison between model estimations and ground observations will
be performed without closure, and enforcing closure using both
the RE and BR techniques.

5. Results and discussion

5.1. Validation of the STSEB model

Almost 1700 observations, without any exclusion related to
time of day or sky conditions, were used to run and evaluate
STSEB model output. The statistical results of the model-mea-
surement comparisons for diurnal fluxes are listed in Table 1.
The errors deteriorate slightly when only daytime values (when
RnN0) are considered (Table 2), as modelled nighttime flux
estimates are constrained to be near zero. The daytime flux
statistics, however, are more descriptive of overall model utility
and therefore these are discussed in the text below.

For estimating net radiation, Eqs. (7), (8a) and (8b) were
applied using values of αs=0.12, αc=0.20, εs=0.960, and
εc=0.985, characteristic of a corn canopy (Campbell &Norman,
1998). The model reproduces measured net radiation with good
accuracy, yielding a bias of 8 W m−2, and RMSD=18 W m−2
(Fig. 6a). A constant value of CG=0.35 was used in Eq. (11),
corresponding to the midpoint between its likely limits
(Choudhury et al., 1987). Similar values have been assigned to
this constant in recent works under similar conditions (Li et al.,
2005). Soil heat flux results overestimate measurements by 17W
m−2 on average, with RMSD=43 W m−2 (Fig. 6b). Calibration
of the CG value for this site would improve the agreement;
however the purpose of this study was not to tune the model to
this specific site but to evaluate its generality.

Tables 1 and 2 list statistics comparing turbulent fluxes
estimates of H and LE with the eddy covariance fluxes in their
original form (EC), and corrected for closure using the residual
(RE) and Bowen ratio (BR) techniques. The RE closure
technique, using HEC and assigning all closure error to LE
(LERE), yields the best agreement between STSEB and measured
fluxes. Several studies with the TSEB model have also found
optimal agreement using the RE method (e.g., Li et al., 2005).

Model comparisons with HEC and LERE are shown in
Fig. 6c–d. After correcting the aerodynamic resistances for
atmospheric stability, as described in the Appendix, H was
estimated via Eqs. (5), (6a), and (6b). Comparisons between
modelled and measured H show a negative bias of −3 W m−2,
and an RMSD of 22 W m−2 (Fig. 6c). The slope (a) of a linear
regression between STSEB H and HEC is 0.86, indicating that
the bias is multiplicative. The bias is further exacerbated when
the Bowen ratio closure technique is applied, yielding a=0.76.

For LE obtained by using Eqs. (9), (10a), and (10b), there is a
tendency to overestimate the observed latent heat flux, LEEC

with a slope of 1.04 and an RMSD=62 W m−2. As indicated in
Section 4.2, this overestimation may be due in part to an under-
measurement problem with the eddy covariance system. The
agreement of the LE results improves significantly when the RE
closure technique is applied to the observations, decreasing the
slope to 0.98 and the RMSD to 51 W m−2 (see Fig. 6d and
Table 2). If energy closure is enforced by the Bowen ratio
technique (LEBR), a similar slope is obtained (a=1.00), but now
with a null bias and an RMSD of 49 W m−2 (see Table 2).

Under conditions of very low and very high vegetation
cover, the scene is relatively homogeneous, and the STSEB
model formulation should approximate a single source evalu-
ation. However, under high cover, observations of Ts will be ill-
constrained, whereas Tc is difficult to measure accurately under
near-bare-soil conditions. To assess the performance of the
STSEB under these potentially challenging limiting conditions,



Table 3
Statistical analysis a of the TSEB_comp model performance with the daytime
OPE3-2004 dataset

Flux Biasa

(W m−2)
RMSDb

(W m−2)
MADc

(W m−2)
ad be

(W m−2)
r2f

Rn −2 11 8 0.97 8 0.997
G 17 38 29 0.67 35 0.713
HEC −13 25 19 0.73 −1.7 0.737
LERE −5 43 34 0.93 9 0.879
a See Table 1 for column definitions.

Fig. 6. Linear regressions between the surface energy fluxes estimated by the STSEB model versus their corresponding ground measured values: (a) Rn, (b) G, (c), H
(eddy-covariance measurements), (d) LE (RE technique applied).
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the experiment reported above was repeated considering only
the period when 0.05bPvb0.75. No significant improvement in
the results for the STSEB validation was observed for this
restricted time period, suggesting that the performance of the
STSEB model does not degrade under low and high vegetation
cover conditions.

5.2. Comparison with the TSEB model

To assess the impact of the simple patch approach used in the
STSEB model in comparison with the layer configuration in the
TSEB model, the TSEB was also applied to the OPE3 dataset
from 2004. The TSEB was restructured as described by Kustas
and Norman (1997) to operate similarly to the STSEB, using
observed values of soil and canopy component temperature and
thereby eliminating the need for an initial PT approximation for
potential canopy transpiration.

Statistics comparing this version of the TSEB (TSEB_comp)
with observed daytime fluxes (corrected for closure using the
residual method) are provided in Table 3, and graphical
comparisons of flux components estimated by the STSEB and
TSEB_comp models are shown in Fig. 7. In general, there is
good agreement between STSEB and TSEB_comp output
(Fig. 7) as well as similar statistical results with the flux
observations (cf. Tables 2 and 3). Most notable are the
differences in modelled sensible heat flux, shown in Fig. 7c.
For low values of Pv, i.e., when soil component predominates in
the scene, the STSEB model tends to compute higher values of
H compared to TSEB, while it estimates lower H-values for
high vegetation cover conditions (when the predominant
component is the vegetation canopy elements). The agreement
in model output as well as with flux observations suggests that
the simple patch formulation for net radiation contained in the
STSEB model, performs almost as well as the more detailed
two-stream representation in the TSEB_comp under this set of
conditions. It appears the patch modelling scheme is appropriate
under the set of environmental conditions analyzed in this study.

5.3. Sensitivity analysis of the STSEB model

In the validation study discussed in Section 5.1, the STSEB
model was tested with input data that were acquired in situ,
ensuring that these inputs were representative of local



Fig. 7. Linear regressions between the surface energy fluxes estimated by the STSEB model versus the results of the TSEB_comp model: (a) Rn, (b) G, (c), H, (d) LE.
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conditions. For operational monitoring over regional scales,
using satellite-derived inputs and non-local meteorological data,
the typical uncertainties in the inputs for STSEB may lead to
significant errors in estimated fluxes. To assess the impact of
typical errors in remotely derived model inputs, a sensitivity
analysis of the STSEB approach was performed following the
method suggested by Zhan et al. (1996). The relative sensitivity,
Sp, of a model flux estimate, Z, to X uncertainties in a parameter
p, can be expressed as:

SpðX Þ ¼ j Z� � Zþ
Z0

j ð13Þ

where Z0, Z+, and Z− are the fluxes (H, Rn, or LE) predicted
when p equals its reference value p0, when p is increased by X
its reference value, and when p is decreased X its reference
value, respectively, with all other input parameters held constant
at their reference values. This type of sensitivity analysis will not
address multiple input uncertainties that might cause cumulative
errors. In other cases, errors in several of the inputs may tend to
cancel out, reducing the overall error in the flux estimates.

Several sensitivity studies have been performed with the
TSEB model (Anderson et al., 1997; Kustas & Norman, 1997;
Zhan et al., 1996). Each of these studies tested model sensitivity
under a single scenario, with one set of input reference values.
However, as pointed out by Zhan et al. (1996), the Sp value
computed for a given input may depend on the choice of the
reference value for that input. In this analysis, all hourly daytime
data were used as sets of reference values; hence a wide range of
input values were considered. For each input variable, the time-
series simulation was then performed using perturbed values of
that variable, and Sp was averaged over the entire time series.

A list of all variables and parameters required by the STSEB
model, as well as their assigned uncertainties, are provided in
Table 4. Typically, a range of variation in the inputs of ±10% has
been assumed in the sensitivity analysis of the two-source models
(e.g., Anderson et al., 1997; Zhan et al., 1996). However, this
assumed uncertainty might be unrealistic for some inputs such as
temperatures or emissivity values (Coll et al., 2003, 2005; Valor&
Caselles, 1996), while it might be too conservative for others such
as LAI or clumping factor (Anderson et al., 2004). The variation
in Ts was assigned twice the range of uncertainty in relation to Tc
in order to incorporate the typically greater effect of the
atmospheric and emissivity correction to the soil component.
For air temperature, the uncertainty reflects typical errors
associated with spatially interpolating observations from a
weather station network. For the solar and incident long-wave
radiation the uncertainty was reduced to ±5% due to the relatively
spatial homogeneity these parameters show at a regional scale.
Relative sensitivity values, Sp, estimated for some of these
parameters can be artificially high in the case of H, due to low
values of the reference flux. Since a major objective is in



Fig. 8. Evolution of the relative sensitivity of the STSEB model to the different
required inputs, Sp, with the vegetation cover, Pv, for: (a) H (Note that Sp scale
has been limited to 1 in order to provide overall clarity), (b) Rn, (c) LE.

Table 4
Average values of the relative sensitivity, Sp, of the STSEB model to the uncertainties, X, in the required inputs for estimating H, Rn, and LE (description of results in
italics in the manuscript)

INPUT Tc (°C) Ts (°C) Ta (°C) u (m s−1) S (W m−2) Lsky (W m−2) LAI Ω0 h (m) z0′ (m) z′ (m) αc αs εc εs

X 1 °C 0.5 °C 2 °C 1 °C 1 °C 0.2 °C 10% 5% 5% 20% 20% 10% 50% 50% 20% 20% 0.02 0.02
H 0.66 0.45 0.86 0.49 1.10 0.28 0.17 0.0018 0.0018 0.08 0.07 0.10 0.03 0.09 b10−3 b10−3 0.24 0.23
Rn 0.015 0.008 0.05 0.03 0 0 0 0.12 0.13 0.008 0.008 0 0 0 0.04 0.04 0.003 0.007
LE 0.10 0.06 0.23 0.11 0.17 0.04 0.04 0.14 0.15 0.03 0.03 0.018 0.008 0.02 0.05 0.05 0.04 0.05
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modelling vegetation stress and water use, the analysis also
considered the sensitivity of Rn and LE to input errors.

Average Sp values for the whole experimental period are
listed in Table 4 for the three fluxes, with values greater than
10% denoted in bold to indicate parameters that have a
significant effect on the flux retrieval. Errors in soil, canopy, and
air temperatures clearly have the greatest impact on the
modelled sensible heat flux. Uncertainty in other parameters
such as soil and canopy emissivity values, canopy height, or
wind speed also have a measurable effect on H. For Rn,
incoming shortwave and long-wave radiation are the key inputs
that lead to sensitivities greater than 10%. These radiation
inputs, together with the soil, canopy and air temperatures, have
the greatest effect on LE retrieval. For LE, all inputs have Sp
values below 25% on average. The sensitivity of the STSEB
model to z0′ and z′ is not significant compared to other inputs,
despite the high uncertainty values assumed (Sauer et al., 1995).

Sensitivities associated with the local validation experiment
reported in Section 5.1 are considerably lower than those
expected for remotely driven experiments. In Table 4, entries in
italics indicate typical errors associated with input values
measured locally, using IRTs and local meteorological towers.
For the soil and canopy temperatures, the assigned uncertainties
reflect expected errors in atmospheric and emissivity corrections
to the observed uncorrected brightness temperatures acquired
with ground-based radiometers. With a local meteorological
tower, significantly less uncertainty is likely in Ta (∼0.2 °C).
Sensitivity values, considering these lower uncertainties in
temperature inputs, are also included in Table 4 (in italics).

Fig. 8 shows variations in model sensitivity with fractional
vegetation cover condition, a dependence that is rarely reported in
the literature. Because the reference data used in this sensitivity
analysis were collected over the whole growing season, model
uncertainty as a function of Pv can be investigated. The Sp data
were grouped in eight bins of width 0.1 inPv, giving a range from
0.1 to 0.8. Average relative sensitivity values were computed for
each Pv bin. Results for H, Rn, and LE are plotted in Fig. 8a–c,
respectively. Inputs with Sp values lower than 0.03 are not shown.

For model inputs related to the soil (Ts, αs, and εs), Sp
decreases as Pv increases, whereas for those directly related with
the canopy, such as Tc, αc, and εc, an increase in Sp is observed.
For variables related to canopy structure such as LAI, canopy
height and clumping, the relative sensitivity also increases as a
function of Pv. Sensitivities to errors in incoming shortwave and
long-wave radiation show no significant dependence on Pv.

For latent heat flux estimation under low vegetation cover
conditions (Pvb0.2), the STSEB model is most sensitive to
uncertainties in Ts, and under high vegetation cover conditions
(PvN0.6) to uncertainties in Tc and Ta (Fig. 8c). The sensitivity
of the STSEB model to any of the assumed uncertainties in the
required inputs for the LE retrieval is less than 35% for the
whole range of Pv. The sensitivity is even lower for the
fractional vegetation cover range 0.3bPvb0.6, which yields Sp
values less than 20%. Simulations in the estimation of soil and
canopy temperatures from directional radiative temperature
observations performed by François (2002) covering a wide
range of vegetation cover and moisture conditions showed that
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the error on Ts retrieval increases with increasing LAI, while the
error on retrieved Tc generally decreases. If this behaviour were
taken into account, the estimated uncertainties in the flux
estimates might be reduced.

6. Conclusions

A Simplified Two-Source Energy Balance model (STSEB) has
been proposed to estimate surface fluxes over sparse canopies from
the radiometric soil and canopy temperatures. The advantage of the
present patch modelling approach is that it is a simplified version
of the TSEB model, particularly in the way the net radiation is
partitioned between the soil and vegetation. On the other hand, the
STSEB requires input measurements of canopy and soil
temperature, while the TSEB performs an internal decomposition
of a bulk surface radiometric temperature observation. The STSEB
model has been tested under a full range of crop cover conditions
using field data from a corn field at the USDA-ARS OPE3
experimental site in Beltsville Maryland, USA.

Radiometric soil and canopy temperatures were measured
separately, and their reliability as representative component
temperatures to be used as input to the STSEB model has been
evaluated by comparing an independent tower-based radiomet-
ric temperature measurement of the effective composite
temperature with that estimated from the two components. An
RMSD=±1.4 °C between these two estimates of the effective
composite temperature was observed.

The validation of the STSEB approach, using measurements
of daytime surface energy fluxes, yields errors between 15 and
50 W m−2 for Rn, G, H, and LE after correcting the observed
fluxes for closure. Reasonable agreement was obtained between
the STSEB and a version of the TSEB model constructed to use
component temperature data.

The operational capability of the STSEB model has been
explored by means of an analysis of the sensitivity of the model
flux output to uncertainties in the required inputs. The input
temperature data, Tc, Ts, and Ta are shown to have the greatest
impact on the STSEB estimate of the fluxes. Under the
conditions considered in this study, much of the available
energy was converted to latent heat, LE. As a result, the
sensitivity of the STSEB model output in H to uncertainties in
air, soil and canopy temperatures often exceeded 100% of its
reference value. On the other hand, sensitivity of the STSEB
model output in LE to these temperature uncertainties was
generally less than 30% and not strongly a function of the
vegetation cover over the range 0.1bPvb0.8.

In summary, these results demonstrate the utility of the
STSEB model for a corn crop over a full range in cover
conditions when reliable measurements of soil and canopy
temperatures are available. Further field studies are needed to
assess the utility of the STSEB model over different land cover
types, particularly under drier conditions where the sensible
heat flux represents a significantly greater proportion of the
available energy (i.e., net radiation less soil heat flux). More
importantly there is a need to further assess whether the STSEB
approach is robust and comparable to the TSEB model and
other schemes developed to use dual-angle satellite based
radiometric temperature observations with algorithms such as
the one proposed by Jia et al. (2003b) to infer soil and canopy
temperature components.
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Appendix A. Expressions to estimate the aerodynamic
resistances in the STSEB approach

The aerodynamic resistances used for this work are based on
the general framework described in Norman et al. (1995),
Kustas and Norman (1999a) and Li et al. (2005), and adapted to
modifications proposed by Brutsaert (1999). The aerodynamic
resistance to heat transfer between the canopy and the reference
height (z), ra

h, is expressed as follows:

rha ¼
Ln zu�d

z0M

� �
�WM

zu�d
L

� 	þWM
z0M
L

� 	h i
Ln zT�d

z0H

� �
�WH

zT�d
L

� 	þWH
z0H
L

� 	h i
k2u

ðA1Þ
where, zu and zT are the measurement heights (m) for wind
speed, u (m s−1), and air temperature, respectively, d is
displacement height (m), z0M is the canopy roughness length for
momentum (m), z0H is the canopy roughness length for heat
(m), and k is the Von Karman constant (≈0.41). The
displacement height and the canopy roughness lengths are
estimated by simplified expressions as functions of canopy
height, h (m): d=2h / 3, z0M=h / 10, and z0H is taken as a
fraction of z0M (z0H= z0M /7) to account for less efficient
transport of heat versus momentum near the canopy elements
(Garratt & Hicks, 1973). The stability functions for heat, ΨH,
and for momentum, ΨM, are obtained from Brutsaert (1999):

A) Unstable conditions:

WMðyÞ ¼ Lnðaþ yÞ � 3by1=3

þ ba1=3

2
Ln

ð1þ xÞ2
ð1� xþ x2Þ

" #

þ 31=2ba1=3tan�1½ð2x� 1Þ=31=2� þW0 ðA2Þ
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WHðyÞ ¼ ½ð1� dÞ=n�Ln½ðcþ ynÞ=c� ðA3Þ

in which x= (y / a)1/3, and y=− (z−d) /L. The symbol Ψ0

denotes a constant of integration, given by Ψ0= (−Ln(a) +
31/2ba1/3π / 6). The parameters a, b, c, d, and n are assigned
constant values of 0.33, 0.41, 1.0, 0.33, 0.057, and 0.78,
respectively (Brutsaert, 1999).

B) Stable conditions:

WMðyÞ ¼ WHðyÞ ¼ 5y ðA4Þ

L is the Monin–Obukhov length (m) and is expressed as:

L ¼ �u⁎3q

kg H
TaCp

� �
þ 0:61E

h i ðA5Þ

where u⁎ is the friction velocity, ρ is the air density (kg m−3), g
is the acceleration of gravity (m s−2), Cp is the air specific heat
at constant pressure (J kg−1 K−1), H is the sensible heat flux,
and E is the rate of surface evaporation (kg m−2 s−1).

The aerodynamic resistance to heat transfer between point
z0M+d and the reference height, ra

a, is written as a simplified
form of Eq. (A1). Since the transport of heat and momentum is
equally efficient, in this case z0M= z0H (see Kustas & Norman,
1999a,b). Also, in this case zu= zT. Finally, ra

a is given by the
expression:

raa ¼
Ln zu�d

z0M

� �
�WM

h i
Ln zu�d

z0M

� �
�WH

h ih i
k2u

: ðA6Þ

Finally, the aerodynamic resistance to heat flow in the
boundary layer immediately above the soil surface, ra

s, is
estimated from an empirical expression developed by Sauer et al.
(1995) from extensive studies of this soil-surface resistance in a
wind tunnel and beneath a corn canopy. This expression was
modified and improved later by Kustas and Norman (1999a,b):

rsa ¼
1

0:0025ðTs � TcÞ1=3 þ 0:012us
ðA7Þ

where us is the wind speed at height above the soil surface where
the effect of soil surface roughness on the free wind movement
can be neglected, z′ (m s−1) (Sauer et al., 1995). This wind speed
is determined assuming a logarithmic wind profile in the air
space above the soil:

us ¼ u
Ln zV

z0V

� �
Ln zu

z0V

� �
�WM

2
4

3
5 ðA8Þ

where z0′ is the soil roughness length. In this expression the
displacement height was zero while stability corrections were
really not used because of the close proximity to the soil surface
(Sauer et al., 1995). Unlike in two-layer schemes, the
exponential wind profile in the canopy air space is not applied
in the patch approach.
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