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A b s t r a c t  

A two-source model for deriving surface energy fluxes and their 
soil and canopy components was evaluated using multi-angle airborne 
observations. In the original formulation (TSEB1), a single temperature 
observation, Priestley–Taylor parameterization and the vegetation frac-
tion are used to derive the component fluxes. When temperature observa-
tions are made from different angles, soil and canopy temperatures can 
be extracted directly. Two dual angle model versions are compared ver-
sus TSEB1: one incorporating the Priestley–Taylor parameterization 
(TSEB2I) and one using the component temperatures directly (TSEB2D), 
for which data from airborne campaigns over an agricultural area in 
Spain are used. Validation of TSEB1 versus ground measurements 
showed RMSD values of 28 and 10 Wm–2 for sensible and latent heat 
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fluxes, respectively. Reasonable agreement between TSEB1 and TSEB2I 
was found, but a rather low correlation between TSEB1 and TSEB2D 
was observed. The TSEB2D estimates appear to be more realistic under 
the given conditions. 

Key words: Two Source Energy Balance (TSEB) model, component 
temperatures, resistance schemes, available energy. 

1. INTRODUCTION 
Quantification of the spatial and temporal variability in hydrological proc-
esses and land surface states is of interest on several different disciplines, in-
cluding agriculture, hydrology, meteorology and climatology. Interconnec-
tions and feedbacks between hydrological variables and regional hydrome-
teorology have led to an increase in the use of satellite remote sensing to de-
termine the water and energy budgets at the Earth’s surface. The partitioning 
of available energy into sensible and latent heat fluxes largely depends on 
the composition of the observed area, specifically, whether it is vegetated or 
bare. Due to the heterogeneity of the Earth’s surface at most scales, energy-
balance models that distinguish between soil/substrate and vegetation contri-
butions to the radiative temperature and radiation/turbulent fluxes have 
proven to be among the most reliable. A proper partitioning in component 
fluxes is of importance, not only for its practical consequences, such as the 
determination of the water-use efficiency of plants, but also because it is im-
portant for climate change issues, since the transpiration component shows a 
strong correlation with carbon sequestration (Scott et al. 2006). 

During the last few decades, these physically based models have evolved 
in a quasi-operational mode. In particular, the Two Source Energy Balance 
model (TSEB) of Norman et al. (1995) has been shown to be robust for 
semi-arid sparse canopy-cover landscapes. Although it is physically based, 
still a number of assumptions and tabulated input parameters, which are nei-
ther easily available nor easily measurable operationally, and their influence 
on model output over a variety of landcover units need to be evaluated. Such 
models tend to use resistance schemes in which the turbulent sensible (la-
tent) heat fluxes are determined by the ratio of a temperature (vapor pres-
sure) difference between the overlaying air and the surface, whether soil or 
canopy, over an aerodynamic resistance to heat (vapor) transport. Since op-
erational remote-sensing observations of vapor pressure are not readily 
available, the models are usually designed to utilize observations of tempera-
ture rather than of vapor pressure. As a result, these resistance schemes are 
used to derive sensible heat fluxes after which latent heat fluxes are then cal-
culated as a rest-term in the energy balance. In an operational mode, the soil 
surface temperature, TS, and canopy temperature, TC, are usually derived 
from a single observation of directional radiometric temperature, TR, in com-
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bination with an estimate of the fractional vegetation cover, fC, at sensor 
view angle. 

In the TSEB model, TR is calculated from the brightness temperature, 
which is directly measured by the radiometer, thereby assuming a single di-
rectional emissivity that represents soil and vegetation combined. Deriving 
the soil and canopy component temperatures from fC and a single TR observa-
tion requires an iterative process, where it is uncertain whether the proper so-
lution is obtained in terms of component temperatures and hence in terms of 
properly parameterized resistances. Numerous validation studies have shown 
a good performance of the TSEB model flux output versus flux observations 
(French et al. 2005, Gonzalez-Dugo et al. 2009, Kustas and Norman 1997, 
Timmermans et al. 2007), which are usually “lumped-together” observations 
of total H and LE fluxes. Less is known about the validity of the internal 
model parameters, these being the component temperatures, resistances, and 
the component flux output. This limits our understanding of the physical 
processes involved and thus limits model portability (Colaizzi et al. 2012a, 
Kalma et al. 2008).  

However, when TR observations made from multiple angles are availa-
ble, the component temperatures can be derived directly (Kustas and Nor-
man 1997), thereby offering the possibility to assess the validity of the 
parameterizations used. Some studies have tested the TSEB model by using 
component temperatures (Colaizzi et al. 2012a, Kustas and Norman 1997, 
Morillas et al. 2013). However, a key assumption of the TSEB model and al-
so of other dual source models, is that the effective source/sink for turbulent 
flux exchange for the entire canopy, as well as for the soil/substrate, can be 
described by a bulk canopy, or bulk soil/substrate, temperature, and re-
sistance (Colaizzi et al. 2012a). Even so, large local differences in observed 
temperature exist for sunlit and shaded leaves and soil, old and young leaves, 
and transpiring and non-transpiring leaves (Timmermans J. et al. 2008). 
When locally measured component temperatures such as in Colaizzi et al. 
(2012a) or Morillas et al. (2013), or ground-based multiple viewing angle 
observations such as in Kustas and Norman (1997) are used, they may not 
represent the bulk canopy and bulk soil temperatures used in the parameteri-
zation scheme. Moreover, a significant mismatch between the spatial resolu-
tion of the temperature measurements and the size of the flux footprint can 
cause significant discrepancies between modeled and measured fluxes 
(Kustas and Norman 1997). Therefore, in the current contribution we pre-
ferred to use airborne imagery acquired from viewing angles that differ more 
than 45° at a resolution that is low enough to obtain “observations” of the 
representative bulk component temperatures but high enough to capture 
within-field variation. As such, this study focuses more on inter-model out-
put differences than on absolute validation. 
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The objective of this study was to determine how physically based re-
trieval of the representative bulk soil and canopy component temperatures, 
which are used in the model parameterization, influences estimates of the 
turbulent fluxes, their components, and model parameters. Thereto, first the 
performance of the TSEB model as it is commonly used (Anderson et al. 
1997, French et al. 2005, Norman et al. 1995) is shown against ground-truth 
observations of radiation and energy fluxes over the current area. Then soil 
and canopy component temperatures from dual angle airborne observations 
were used in dual angle versions of TSEB (Colaizzi et al. 2012a, Kustas and 
Norman 1997). A comparison of the output produced by the different ver-
sions of the model is made, followed by a discussion thereof. 

2. METHODS  AND  MATERIALS 
2.1  Methods 
The dual-source model used in this study is the well-established Two-Source 
Energy Balance (TSEB) model of Norman et al. (1995) which has shown 
good performance over a wide range of arid and partially-vegetated land-
scapes (French et al. 2005, Gonzalez-Dugo et al. 2009, Kustas and Norman 
1997, Timmermans et al. 2007). Under such circumstances, a dual source 
model that distinguishes between the soil and vegetation contribution to the 
turbulent fluxes has clear and well-known advantages over simpler single-
source models that treat these contributions in a lumped manner (Hunting-
ford et al. 1995, Kustas et al. 1996). The TSEB model presents two different 
versions, according to the assumed resistance network for parameterizing the 
energy flux exchange, being either in series or in parallel (Norman et al. 
1995). The series version of the TSEB resistance network allows interactions 
between soil/substrate and main canopy layer and is therefore particularly 
useful over relatively dry but relatively densely vegetated areas. Because the 
vineyard area under study is characterized by just these conditions, use here 
is made of the series approach only. Although descriptions of the model are 
available in Norman et al. (1995) and Kustas and Norman (1997), the fol-
lowing sections offer a detailed description of the several steps involved in 
the different versions. This is considered relevant in view of the specific dif-
ferences in their output, see Section 3.2. 

2.1.1  Single-angle model 
The single-angle model is the updated version of the Two-Source Energy 
Balance (TSEB) model (Norman et al. 1995), as described by Kustas and 
Norman (1999) and Li et al. (2005). From here on, this scheme will be re-
ferred to as TSEB1. 
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The model assumes that the surface radiometric temperature (TR) is a 
combination of soil (TS) and canopy (TC) temperatures, weighted by the veg-
etation fraction (fC): 

 ( )4 4 (1/4)( ) ( ) 1 ( ) ,R C C C ST φ = f φ T + f φ T⎡ ⎤−⎣ ⎦  (1) 

where fC is affected by the sensor viewing angle (φ). Note that the angular 
variation of directional emissivity is neglected because variations of less 
than 0.005 are obtained between viewing angles at nadir and 60° for most 
vegetated surfaces (Anton and Ross 1987, Kustas and Norman 1997).  

Because of the significance in the current study of the vegetation charac-
teristics as seen from different angles we will describe the determination 
thereof in a bit more detail at this point. The method used to derive the frac-
tional cover at nadir (φ = 0) follows from Choudhury et al. (1994), using a 
scaled Normalized Difference Vegetation Index (NDVI): 

 max

max min

NDVI NDVI
(0) 1 ,

NDVI NDVI

p

Cf
−⎛ ⎞= − ⎜ ⎟−⎝ ⎠

 (2) 

where NDVImax and NDVImin represent a surface fully covered by vegetation 
and completely bare, respectively. Parameter p is the ratio of the leaf angle 
distribution factor, Λ, to the canopy extinction factor, κ, which is dependent 
on solar zenith angle ψ (Campbell and Norman 1998). The apparent frac-
tional vegetation cover at viewing angle φ is then obtained by dividing fC(0) 
by the cosine of the sensor viewing angle. The Leaf Area Index (LAI), which 
is used in the estimation of extinction of net radiation and wind speed within 
the canopy, is related to fC(φ), following Choudhury (1987): 

 1 ( )
LAI .Cf φ−

=
Λ

 (3) 

In the case of clumped canopies with partial vegetation cover, such as 
vineyards and orchards, LAI is multiplied by the so-called clumping factor, 
Ω(ψ), which depends on solar zenith angle and vegetation structure. This 
factor corrects for the reduction in the extinction of the radiation in a 
clumped canopy as compared to a uniformly distributed one, by multiplying 
the LAI by the clumping factor. Here we have followed the approach sug-
gested in Kustas and Norman (2000), following: 

 
( ) ( )

(0)( ) ,
(0) 1 (0) exp 2.2 P

ψ
ψ

Ω
Ω =

Ω + −Ω ⋅ −
 (4) 

where Ω(0) is the clumping factor at nadir viewing angle, and P = 
3.8 – 0.46 D, where D is the ratio of vegetation height to width of the 
clumps. 
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The surface energy-balance equation can be formulated for the entire 
soil-canopy-atmosphere system or for the soil and canopy components sepa-
rately: 

 ,C C CRn = LE + H  (5) 

 .S S SRn = LE + H +G  (6) 

The partitioning of net radiation, Rn, can be either directly on global Rn 
(Norman et al. 1995), or by formulations for the transmission of direct and 
diffuse shortwave radiation and for the transmission of longwave radiation 
through the canopy, as described in Kustas and Norman (1999). In the cur-
rent contribution we have used the original model description following 
Norman et al. (1995). The spatial variation in the horizontal direction is 
mainly regulated by fractional vegetation cover and in the vertical (radiation 
extinction within the canopy) by LAI. Since the radiation formulation fol-
lows the so-called “layer-approach” (Lhomme and Chehbouni 1999), a sim-
ple summation of the soil and canopy components then yields the total of the 
flux under consideration. 

The soil heat flux is then estimated as a time-dependent function of the 
net radiation reaching the soil: 

 ,g SG = c Rn  (7) 

where cg is slightly variable with time. Details of the original determination 
can be found in (Kustas et al. 1998). Here it is calibrated against local obser-
vations using the measurements from the test sites. 

Within the series resistance scheme, the sensible heat fluxes HC, HS, and 
H are expressed as: 

 ( ) ,C a p C AC XH = C T T Rρ −  (8) 

 ( ) ,S a p S AC SH = C T T Rρ −  (9) 

 ( ) ,C S a p AC A AH = H + H = C T T Rρ −  (10) 

where ρa is the air density [kg m–3], Cp the air specific heat [J kg–1 K–1], TAC 
is the air temperature in the canopy-air space [K], RX is the resistance to heat 
flow of the vegetation leaf boundary layer [s m–1], RS is the resistance to the 
heat flow in the boundary layer above the soil [s m–1], RA is the aerodynamic 
resistance [s m–1] calculated from the stability-corrected temperature-profile 
equations (Brutsaert 1982) using Monin–Obhukov Similarity Theory 
(MOST), and TA is the air temperature. The procedures to derive TAC as well 
as the resistance terms RX and RS are provided in the Appendix of Norman et 
al. (1995), where the main inputs are wind speed, u [m s–1], the displacement 
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height, d0 [m], and roughness length for momentum and heat transport, z0M 
[m] and z0H [m], respectively. The latter three are estimated following the 
procedure as described by Massman and Weil (1999). 

When estimates of the sensible heat fluxes (HC and HS) are known, the 
latent heat fluxes can be estimated as a rest-term from Eqs. 5 and 6. Howev-
er, when a radiometric temperature image is available at only one viewing 
angle, an extra equation is needed in addition to Eq. 1 to solve for TC and TS. 
In the TSEB1 formulation, following Norman et al. (1995), this is solved by 
deriving the canopy latent heat flux using as an initial assumption a poten-
tially transpiring canopy, following the Priestley–Taylor equation (Priestley 
and Taylor 1972): 

 PT
Δ ,

ΔC g CLE = α f Rn
+ γ

⎛ ⎞
⎜ ⎟
⎝ ⎠

 (11) 

where αPT is the Priestley–Taylor coefficient, usually taken as 1.26 [–], fg is 
the green vegetation fraction [–], Δ is the slope of the saturation vapor pres-
sure versus temperature [kPa·K–1], and γ is the psychrometric constant 
[kPa·K–1]. 

In practice, all conductive fluxes, i.e., Rn, RnC, RnS, and G, are calculat-
ed once, following the formulations as given by Norman et al. (1995), and 
remain constant thereafter. Then, the next step is to derive HC from Eq. 5. 
A first approximation of TC, i.e., the average of air temperature TA and radi-
ometric temperature TR, is used to derive TS from Eq. 1. In the series ap-
proach, which was used here, a linear approximation of TC is calculated 
following the procedure described in the Appendix of Norman et al. (1995), 
using HC and TS to arrive at the within-canopy air temperature, TAC. TAC is 
then used for a first estimation of HS using Eq. 9. LES is finally derived from 
Eq. 6. If the vegetation is stressed, the Priestley–Taylor approximation, i.e., 
Eq. 11, overestimates the transpiration of the canopy and negative values of 
LES are computed. This improbable condensation over the soil during day-
time indicates the existence of vegetation water stress and it is solved by re-
ducing αPT. An updated, lower, estimate of LEC is obtained which yields an 
updated, higher, estimate of HC through the use of Eq. 5. Next, Eq. 8 pro-
vides a new, higher, estimate of TC, which in turn yields a lower estimate of 
TS through Eq. 1, resulting in a lower, updated estimate of HS. Through the 
use of Eq. 6 an updated, higher estimate of LES is obtained. This iteration 
process is continued until  LES > 0.  

At this moment, all the fluxes, radiative, conductive and turbulent, and 
their components, soil and canopy are known, as well as the “equilibrium” 
soil and canopy component temperatures. However, when multiple viewing 
angle observations of TR are available, the soil and canopy temperatures may 
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be derived directly from the observations. These provide the opportunity to 
estimate the component sensible heat fluxes from Eqs. 8 and 9, thereby 
avoiding the need of the above iteration process and as such a check on the 
physical realism of the model. 

2.1.2  Dual-angle model 
In the dual-angle approach, a version also described by Kustas and Norman 
(1997), TR observations at different viewing angles provide soil and canopy 
component temperatures. The physical framework of the model remains 
identical to the single-angle version of TSEB. However, the mathematical 
framework to determine the turbulent fluxes is slightly different.  

The soil and canopy component temperatures were obtained from the 
simultaneous solution of two equations containing two unknowns, where fC1 
and fC2 and TR(φ1) and TR(φ2) are the fractional covers and the radiometric 
surface temperatures at the first viewing angle, φ1, and second viewing an-
gle, φ2. Equation 1 was used for the two flight lines to derive the component 
soil and canopy temperatures, following: 

 
(1/4)4 4

2 1 1 2

2 1

( ) ( )
,C R C R

S
C C

f T φ f T φ
T =

f f
⎛ ⎞−
⎜ ⎟−⎝ ⎠

 (12) 

 
( ) (1/4)4 4

1 1

1

( ) 1
.R C S

C
C

T φ f T
T =

f
⎛ ⎞− −
⎜ ⎟⎜ ⎟
⎝ ⎠

 (13) 

The radiative and conductive fluxes, RnS, RnC, and G, are estimated follow-
ing the same parameterization as in TSEB1 and they remain constant during 
the steps necessary to derive the component turbulent fluxes. Still, different 
approaches can be followed to arrive at HS, HC, LES, and LEC. Two funda-
mentally different approaches are described in detail in the following sec-
tions. 

Dual-angle iteration approach 
In what is referred to as the dual-angle iteration approach, TSEB2I, the first 
step concerns the estimation of LEC and HC following Eqs. 11 and 5 as in 
TSEB1. HC is used in combination with TC to obtain the within-canopy tem-
perature, TAC, as in TSEB1. Since TS is known from the observations, it is 
used with TAC in Eq. 9 to estimate HS. LES is then calculated as a rest-term 
from Eq. 6. If negative values of LES are computed, this problem is solved 
by reducing αPT, as in TSEB1. An updated, lower, estimate of LEC is ob-
tained which yields an updated, higher, estimate of HC through the use of 
Eq. 5. The updated HC is again used in combination with TC to derive an up-
date of TAC, which in turn is used in conjunction with TS in Eq. 9, to produce 
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a new estimate of HS. Again, through the use of Eq. 6 a new estimate of LES 
is obtained. This iteration process is continued until  LES > 0. 

Dual-angle component approach 
In the dual angle component approach, TSEB2D, the Priestley–Taylor itera-
tion procedure is not used. Instead, the within-canopy temperature, TAC, is 
estimated directly from the known component temperatures and the re-
sistances, as follows: 

 .
1 1 1

S CA

A S X
AC

A S X

T TT + +R R R
T =

+ +R R R

 (14) 

The component sensible heat fluxes, HC and HS, are then calculated di-
rectly from Eqs. 8 and 9. Note that the formulation of Eq. 14 is equal to the 
general expression of the aerodynamic temperature in two-source models 
(Merlin and Chehbouni 2004, Shuttleworth and Gurney 1990).  

The component latent heat fluxes, LEC and LES, are simply calculated as 
rest-term from Eqs. 5 and 6. If LEC or LES is below 0, then it is set to 0, and 
HC or HS is calculated as a rest-term from Eqs. 5 or 6, respectively. Basical-
ly, the TSEB2D approach is the same as the 2ANGLE model described by 
Kustas and Norman (1997).  

2.2  Material 
In order to ensure the proper extraction of the bulk soil and canopy compo-
nent temperatures from dual-angle observations, some minimum difference 
in viewing angle of these observations is needed. The optimum viewing-
angle difference, usually between nadir and a particular zenith viewing an-
gle, depends among other things on pixel resolution, local vegetation cover, 
and geometry, as well as on component temperature differences. For practi-
cal application, differences of some 40° to 60° are generally desirable 
(Colaizzi et al. 2012a, Kustas and Norman 1997, Merlin and Chehbouni 
2004, Vining and Blad 1992).  

Airborne data that fulfill these requirements were obtained during the 
EODIX campaign over a vineyard, centered at 39°03′35″ N and 02°06′04″ W, 
in an agricultural test-site near Barrax, Spain. The area is extremely flat and 
located at an elevation of 700 m a.s.l. The campaign, carried out in June 
2011, was specifically designed to obtain imagery with large differences in 
viewing angle. Unfortunately, during this campaign no detailed flux and 
component temperature observations were collected, which made it difficult 
to validate the model results. Over the vineyard, the only data available for 
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validation was the water flux measured by a weighing lysimeter. Therefore, 
also data were used from the REFLEX campaign, which was flown in July 
2012 covering the same vineyard and which was designed specifically to ad-
vance our understanding of land-atmosphere interaction processes over het-
erogeneous terrain. 

The approach was first to demonstrate proper model performance over 
the Barrax site, using data from the REFLEX 2012 campaign. Although this 
“validation”, was performed over a much larger area, covering also other 
land cover units than the vineyard, the main idea was to ensure that the mod-
el was providing reliable output for this area. Details of this study are de-
scribed in Corbari et al. (2015) and a summary of the results is provided in 
Section 3.1. The actual comparison between the different model versions is 
then done using data from the EODIX campaign only. These data offered the 
possibility to extract bulk canopy and soil component temperatures for the 
vineyard, which is located at the center of the site. The procedure is outlined 
in Section 2.1.2 and the results are shown in Section 3.3. At the time of the 
campaigns, the vineyard in general is characterized by dry soils and drip-
irrigated grape stands. The drip irrigation system is not located directly on 
the soil, but some cm above it, watering the surface along the tube. As a con-
sequence, to some degree grass is growing under the vine stands and at sev-
eral locations, also in the corridors. The vineyard can best be described as 
relatively sparse; grape stands ranging in height from 1.0 to 2.5 m are plant-
ed in rows at about 3-meter intervals, but having a relatively dense canopy. 
This makes the site particularly suitable to test the TSEB series model pa-
rameterization, which was specifically designed for this type of landcover 
(Norman et al. 1995). The comparison is done by comparing model output 
from the single-angle and dual-angle TSEB versions using the data of the 
EODIX campaign. Since for all TSEB versions the net radiation and soil 
heat flux parameterizations are identical, the focus in the comparison study 
is on the turbulent flux output only. 

A brief description of the observations and processing done for the input 
to and validation of the TSEB model is provided below. For a more com-
plete description of the campaign observations see Timmermans et al. (2014) 
and van der Tol et al. (2015) for the REFLEX campaign and Mattar et al. 
(2014) for the EODIX campaign. 

2.3  Observations and data processing 
2.3.1  REFLEX 2012 campaign 
Ground-truth data 
During the campaign, which took place from 16 to 28 July 2012, three eddy 
covariance (EC) towers and a large aperture scintillometer (LAS) were in- 
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Fig. 1. Site overview with reference stations and flux tower sites. The zoom shows 
details of the vineyard site with a W-NW to E-SE crop row orientation, and 
lysimeter and flux tower positions. 

stalled over different landcover units. The landcover units comprised a 
camelina field, a vineyard, a reforestation areak, and a large wheat-stubble 
field (see Fig. 1). Apart from the turbulent H and LE fluxes, at the flux tow-
ers also net radiation (Rn) and soil heat flux (G) and standard meteorological 
parameters at three different heights were recorded. Required meteorological 
model inputs concern incoming shortwave radiation and air temperature, rel-
ative humidity, and wind speed at a certain reference level; see Corbari et al. 
(2015) for details. Since some crop and tree heights in the area were greater 
than the measurement level at the reference stations, the required meteoro-
logical model input was obtained by the average of the three EC stations at a 
reference height of 5 m. Although a certain spatial variability in these varia-
bles is known to influence flux estimations over such heterogeneous sites 
(Timmermans W.J. et al. 2008) the spatial average (the standard deviation of 
air temperature was 0.9°, and 0.09 ms–1 for wind speed) was considered to be 
representative of the area with respect to the current model validation. 

A detailed analysis of the turbulent flux observations is provided in van 
der Tol et al. (2015), which includes a discussion of the well-known closure 
problem. 
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Remote sensing data 
Required remote sensing based model inputs covered broadband surface al-
bedo, normalized difference vegetation index, and surface temperature. The-
se were obtained from optical airborne data acquired with the Airborne 
Hyperspectral Scanner (AHS), a sensor mounted on the Spanish Instituto 
Nacional de Tecnica Aerospacial (INTA) aircraft platform. An overpass at 
09:28 UTC (11:28 local time) on 25 July 2012 was used for the current con-
tribution. At-surface georeferenced reflectances (level 2b), resampled to a 
4-meter pixel size, were provided by the INTA Remote Sensing Laboratory 
that was in charge of post-processing the airborne acquisitions. The at-
surface reflectance was validated against field spectroscopy acquired in situ 
over a variety of landcover units, and showed good overall agreement. De-
tails of these observations and post-processing steps are provided in de Mi-
guel et al. (2015). Broadband surface albedo and NDVI were then derived 
from the surface reflectance in specific Red and Near Infrared (NIR) bands 
of the AHS sensor, following the same procedure as described in 
Timmermans et al. (2011). At-sensor radiances (level 1b) from the thermal 
AHS channels were processed by the Global Change Unit at the Faculty of 
Earth Physics at the University of Valencia, Spain, and validated against 
ground observations performed over several different landcovers. Land sur-
face temperature and emissivity were retrieved simultaneously using the 
Temperature-Emissivity-Separation algorithm of Gillespie et al. (1998), 
adapted for use with the AHS data as described in Sobrino et al. (2009). 

2.3.2  EODIX 2011 campaign 
Ground-truth data 
The necessary meteorological model input data were obtained from the 
lysimeter station located inside the vineyard, see zoom in Fig. 1. The mete-
orological observations were acquired at a height of 4 m. They consisted of 
15-minute averages of incoming shortwave radiation, S↓, and 1-hour averag-
es of air temperature, TA, relative humidity, R.H., and wind speed, u. The 
hourly averages were then interpolated to acquire estimates at the airborne 
overpass time (Table 1). 

Table 1 
Meteorological model input from the EODIX campaign 

Parameter S↓ 
[Wm–2] 

TA 
[°C] 

R.H. 
[%] 

U 
[ms–1] 

Value 772 23.4 53.0 1.2 
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Although no rainfall was recorded in the two weeks preceding the exper-
iment, the last irrigation registered on the lysimiter was 20 mm on 7 June, 
five days before the airborne overpass. However, the irrigation scheme at 
this experimental test farm is rather irregular, both temporally as well as spa-
tially. As a consequence, considerable variation exists in the degree of cano-
py stress within the vineyard. Locally stable conditions may occur, given the 
nature of the vineyard where sometimes hot bare corridors alternate with ir-
rigated vines. On the other hand, also relatively stressed vines exist within 
the vineyard, due to the irregular irrigation, but also due to a variation in 
fractional vegetation cover (around 40% on average for the vineyard, but 
with minimum and maximum values ranging from 15 to 85%, respectively). 
In the southern part of the vineyard, for example, less mature vine stands oc-
cur, characterized by a lower fractional cover of vine stands, but a more fre-
quent irrigation. Typically at these places, but also at other locations within 
the vineyard, the corridors show the presence of grass, growing on water 
from the irrigation tubes.  

The lysimeter station records hourly actual evaporation rates, which are 
interpolated for the overpass time of the airplane. The observation  
(124 Wm–2) was used as an indication of the model performance, testing to 
which degree the estimations of LE fluxes were realistic and physically 
meaningful. A note has to be made with respect to dew which is recorded by 
the lysimiter almost all mornings in the period of the campaign, typically a 
few hours before the flight. Vaporization of this dew, mainly from the sub-
strate, may also contribute to the LE flux during the flight overpass. 

Remote-sensing data 
Airborne optical imagery used to analyze the performance of the different 
model versions was also obtained from the Airborne Hyperspectral Scanner 
(AHS) operated by INTA. Two parallel flight lines acquired at 09:00 and 
09:20 UTC on 12 June 2011 were utilized for this purpose. Local time is fol-
lowing CET, which is two hours later, but since the geographic position of 
the area is West, the true solar time is closer to 1 hour later than UTC. The 
flight lines were chosen such that they were parallel to each other and also 
parallel to the row orientation of the vineyard, in order to minimize potential 
local differences in shadowing effects due to differences in viewing azimuth. 
The campaign was specifically designed to obtain large differences in view-
ing angles. In order to achieve view zenith angles close to 60°, a wedge was 
placed under the sensor, to tilt it during the flight (Mattar et al. 2014). This 
produced a nadir viewing angle over the vineyard for the flight line acquired 
at 09:00 and a zenith viewing angle of 57° over the vineyard for the flight 
line obtained at 09:20. 
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Required general model inputs, broadband surface albedo, NDVI and 
surface temperature were obtained from the nadir flight in exactly the same 
manner as for the REFLEX 2012 campaign and are therefore not described 
here again. However, an ASD spectrometer was used for in situ measure-
ments of surface reflectance and a CIMEL CE312-2 and IR120 radiometer 
for thermal emission over a large number of selected sites encompassing dif-
ferent landcover units. An RMSE of 0.03 [–] was found for reflectance and 
an RSME of 1.5 [K] for land surface temperature, equal to the values found 
in previous campaigns over the same area using the same sensor (Mattar et 
al. 2014, Sobrino et al. 2006, 2009). 

In addition, the required bulk soil and canopy component temperature 
observations were obtained, using Eqs. 12 and 13, from the two parallel 
flight lines, which were characterized by viewing zenith angle differences 
over the vineyard of around 57°. In order to take the small time difference of 
20 minutes between the two successive flight lines into account, a correction 
of TR was made, using the ratio of  TR(φ1)/TR(φ2)  taken from a homogene-
ously vegetated area (dense grass cover) just north of the vineyard. However, 
the differences obtained were almost negligible. 

3. RESULTS  AND  DISCUSSION 
3.1  Validation of single-angle model over Barrax (REFLEX 2012  

campaign) 
TSEB model output for Rn, G, H, and LE as derived from the AHS overpass 
at 09:28 UTC (11:28 local time) on 25 July 2012, was validated against 
ground observations over four different landcover units. For this purpose, the 
so-called field-of-view of the local sensors needs to be determined. This is 
especially important when dealing with high-resolution imagery as is the 
case in the underlying study. For the net radiation sensor, 99% of the obser-
vations originate from a circle whose diameter is 10 times the sensor height 
(i.e., 5 m), although ground surfaces closer to the sensor have a higher 
weighting. A window of 10 × 10 pixels (i.e., 40 × 40 m) was selected around 
the location of the observation. The same was done for the soil heat flux ob-
servations, which are characterized by a high spatial variation. To at least 
take this effect into account, we chose a similar window as for the net radia-
tion observations. For the turbulent fluxes, a different strategy is followed. 
The “field-of-view”, or footprint (Vesala et al. 2008), of these sensors de-
pend on terrain characteristics, wind speed, and wind direction. The proce-
dure outlined in Timmermans et al. (2009) is used to calculate the footprints 
of the observation towers at the moment of airborne overpass. Footprint-
weighted averages of the model output for H and LE were then compared to 
the ground observations. 
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Model performance was evaluated using difference statistics comprising 
of the mean absolute difference (MAD), the mean absolute error (MAE), and 
the root mean square difference (RMSD), see Table 2. 

Table 2 
Difference statistics for the four observation sites 

Statistics H LE G Rn 
MAD  [Wm–2] 22.5 8.7 85.0 51.5 
MAE  [%] 13.9 29.4 51.2 13.6 
RMSD  [Wm–2] 28.0 10.0 87.2 58.3

 
Although only limited ground observations were available for this par-

ticular study, a reasonably good agreement between observed and modelled 
fluxes is noted, especially for the turbulent fluxes. An analysis of the model 
performance per landcover and per flux component is beyond the scope of 
the current contribution, but a detailed discussion and tower footprints can 
be found in Corbari et al. (2015). For our study, we regard the overall model 
performance of TSEB1 with respect to the estimation of both radiative and 
especially turbulent fluxes over this site as reliable. 

3.2  Soil and canopy component temperatures 
The nadir TR and fC maps as well as the component temperature maps are 
shown in Fig. 2. 

As can be noticed, and also seen in the zoom of Fig. 1, two main corri-
dors exist in the vineyard, which are characterized by a very low fractional 
cover. As they are oriented perpendicularly to the flight lines, the difference 
in fractional cover between the two flight lines was minimal. Since this dif-
ference is in the denominator of Eq. 12, the determination of TS can become 
very sensitive to errors. These pixels, as well as other pixels where the dif-
ference in fractional cover was minimal, were therefore excluded from the 
analysis. 

In a spatial context, clearly the parts in the vineyard that are character-
ized by a higher fC show a lower TR, and vice versa, as may be expected. An-
other clear phenomenon throughout the vineyard is the lower TS at high fC, 
and vice versa. This is primarily caused by the higher radiation extinction 
within the canopy (shadow), resulting in a lesser warming up of the 
soil/substrate during the morning hours. Therefore, if homogenous soil con-
ditions are assumed and TR is constant, a higher fC will result in a lower TS 
and, according to Eq. 1, thus in a higher TC. Despite the fact that soil condi-
tions and TR are not homogeneous throughout the vineyard, this (i.e., a lower 
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Fig. 2. Retrieved fC, TR, TC, and TS maps over the Barrax site for 12 June 2011 
(EODIX campaign). 

TS is accompanied by a higher TC and vice versa) is what is seen here to a 
certain extent. At a first instance, this does not seem physically very realistic, 
since relatively high TC and relatively low TS would indicate stressed vegeta-
tion over a relatively cold soil and vice versa. However, given the variation 
in characteristics of the vineyard, where locally in the corridors shallow 
rooted grass is fed by water from the irrigation tubes, situations with stressed 
vines and low temperatures for the soil/substrate do occur. The opposite 
situation, i.e., unstressed vegetation occurring over a relatively hot soil/ 
substrate, is rather common in a drip-irrigated system. Which situation pre-
vails and whether this is realistic in the current situation is discussed in Sec-
tion 3.3. 

In an absolute sense, the bulk soil and canopy component temperatures 
obtained from the dual angle airborne observations over the vineyard 
showed average values of 310.6 and 300.7 K, respectively, with standard de-
viations of 0.62 for the soil and 0.30 for the canopy. Although these “ob-
served” temperatures are actually derived from Eqs. 12 and 13, and as such 
are not actual observations of TS and TC, they will be referred to as “ob-
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served” from here onwards, to differentiate them from soil and canopy tem-
peratures as modelled by TSEB1. The soil temperatures ranged from 303.8 
to 318.1 K, while observed canopy temperatures were between 298.0 and 
302.6 K. Unfortunately, during the EODIX 2011 campaign, no detailed 
ground observations of soil and leave component temperatures were availa-
ble. However, given an observed air temperature of 296.5 K and a vapor 
pressure deficit of 1.2 kPa the observations are in agreement with theoretical 
limits as defined by Jackson et al. (1981) and Gardner et al. (1992), or more 
recently by Colaizzi et al. (2012b). They report that typical values for foliage 
temperatures under these circumstances may range from 1.5 K below air 
temperature for potentially transpiring crops to 5.0 K above air temperature 
for non-transpiring crops, although it is stated that measurements may occa-
sionally exceed these limits. 

Similar observations were made by Timmermans J. et al. (2008) during 
the Sen2Flex campaign over the Barrax vineyard. Apart from measuring 
sunlit and shaded soil temperature, they used contact probes to measure in-
dividual leaf temperatures of sunlit and shadowed, old and young leaves, at 
different heights in the canopy. They found within-canopy differences in leaf 
temperature, ranging from 5 K below air temperature to 6 K above air tem-
perature in late morning, and reported standard deviations as large as 3.1 K 
for soil and 1.3 K for the canopy component temperatures, within a 5 m ra-
dius. The canopy temperatures observed in the current study are obviously 
biased towards the upper theoretical limit with respect to air temperature. 
This may indicate that, though irrigated, the crops are transpiring at a sub-
potential rate. 

A comparison of the component temperatures with modelled values of 
soil and canopy temperatures obtained from TSEB1 is provided in Fig. 3. 

Fig. 3. Observed versus estimated component temperatures for 12 June 2011. In 
red/orange pixels are shown where TS observed < TS modelled  and/or  TC observed 
> TC modelled. 
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For a large part of the vineyard, the modelled values of TC are lower than 
observations (298.7 K versus 300.7 K on average, respectively) and in much 
of the vineyard the values of modelled TS are higher than observed (312.1 K 
versus 310.6 K on average, respectively). Because of the importance of this 
phenomenon for this study, the pixels where this occurs are displayed in red 
(or orange) in Fig. 3 and in following sections. Apart from the average dif-
ferences, the standard deviation in the modelled values of both TC and TS is 
smaller than for the observations. Observed TC shows a standard deviation of 
0.30 K versus a standard deviation of 0.20 K for the modelled values. For TS 
the standard deviations for observations and modelled values are 0.62 K and 
0.49 K, respectively. 

3.3  Inter-comparison between single-angle and dual-angle models 
(EODIX 2011 campaign) 

3.3.1  Single-angle (TSEB1) and dual-angle iteration approach (TSEB2I) 
Model output from TSEB1 is plotted versus TSEB2I output for the turbulent 
fluxes in Fig. 4. Although a reasonable agreement and clear correlation, R,  
 

Fig. 4. Turbulent fluxes and their components (lower panels) from TSEB1 versus 
TSEB2I. In red/orange pixels are shown where TS observed < TS modelled  and/or  
TC observed > TC modelled. 
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between the two model versions (R is equal to 0.91 for LE and 0.82 for H) is 
noted in this figure, there are also clear differences. 

A mean difference of –31.9 Wm–2 and RMSD of 32.9 Wm–2 of sensible 
heat flux by TSEB2I with respect to TSEB1 output is noted and a similar 
(available energy, Rn – G, is the same for both models) over-estimation, and 
RMSD of latent heat flux by TSEB2I with respect to TSEB1 can be seen. An 
explanation for this is found by a closer examination of the component flux 
outputs of both model versions, which are shown in Fig. 4. Model output sta-
tistics, including those from the TSEB2D model version, are presented in 
Table 3 in the next section.  

Table 3 
Model output statistics for TSEB1 and TSEB2I:  

mean ( )x  and standard deviation (σ). 

Model 
H HC HS LE LEC LES 

x  σ x σ x  σ x  σ x  σ x  σ  
TSEB1 102 4.0 5 2.7 97 3.7 185 6.8 97 6.8 88 4.2 
TSEB2I 68 7.7 3 4.2 66 7.0 219 10.8 100 7.5 119 7.0 
TSEB2D 142 5.2 69 10.0 73 6.6 145 5.7 34 8.8 112 6.7 

 
In the left panel of Fig. 4 the canopy component fluxes of TSEB1 are 

plotted against those of TSEB2I, and in the right panel the soil components 
are shown.  

The canopy component fluxes of TSEB1 and TSEB2I are identical for 
almost all pixels in the vineyard. This is due to the Priestley–Taylor iteration 
procedure that was used here in both versions of the model. If the first esti-
mates of TS, in TSEB1, or observations of TS, in TSEB2I, yield an HS that is 
smaller than  RnS – G,  then the first estimate of LES > 0. This is the situation 
for nearly all points, which means that the two versions yield the same val-
ues for LEC and HC fluxes under these circumstances. 

Since for almost all pixels the canopy component fluxes are identical for 
the two versions of the model and LES is determined as a rest-term, the dif-
ferences for H and LE are entirely regulated by the differences for HS. The 
TSEB2I model output for HS is almost everywhere smaller than in the 
TSEB1 version, see Fig. 4 right panel. Examination of Eq. 9 reveals that dif-
ferences in HS may be invoked by differences in TAC, in RS or in different 
values for TS. 

Many of the observed values of TC are larger than the TSEB1 model out-
put for TC, see Fig. 3. Equation 1 shows that for TS the opposite then must 
hold true, which is confirmed in the right panel of Fig. 3. Lower values of TS 
in TSEB2I potentially yield lower values for HS. 
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Model differences for RS are mainly regulated by differences in the coef-
ficient a in TC, following Eq. 5 in Kustas and Norman (1999). Larger TC val-
ues in TSEB2I, and thus lower TS values, result in lower values for a′ and 
thus in higher RS values, since wind speed values do not differ significantly 
between model versions. Higher RS values potentially yield lower values for 
HS in TSEB2I as well. 

Within canopy, air temperature, TAC, is obtained from Eq. 8. Since values 
for RX, mainly driven by wind speed, and HC are similar in both versions of 
the model, higher values of TC in TSEB2I also yield higher values of TAC in 
TSEB2I. Larger values of TAC potentially yield lower values of HS in 
TSEB2I as compared to TSEB1. 

The model differences for RS and TAC described above are illustrated in 
Fig. 5. In the current contribution we have used the modified formulation for 
RS, as given in Eq. 5 in Kustas and Norman (1999). Using the original RS 
formulation (Norman et al. 1995), which is independent of the difference be-
tween TS and TC, reduced differences for RS, but did not significantly influ-
ence model differences for HS output. Since HC is negligible for almost entire 
vineyard in both TSEB1 and TSEB2I parameterizations, TAC and TC are al-
most identical, see Eq. 8. Therefore, the shape of the right panel of Fig. 5 is 
rather similar to the left panel of Fig. 3. 

Resuming, larger values of observed TC as compared to modelled TC in 
TSEB1 for all three parameters that have a direct influence on HS yield lower 
values of HS. This is confirmed by the red pixels in the lower right panel 
(and thus upper left panel) of Fig. 4, which are all below the 1:1 line. On the 
other hand, if lower values of TC were observed than for TSEB1-modelled 
TC, this would yield higher values of HS in TSEB2I than in TSEB1. Since 
many of the observed values of TC were higher than those of the modelled 
TC, the dual angle model output for HS, and thus for H, is lower. 

 

Fig. 5. Left panel RS, right panel TAC. 
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3.3.2  Single-angle (TSEB1) and dual-angle component approach 
(TSEB2D) 

The model output from TSEB1 is plotted versus TSEB2D output for the tur-
bulent fluxes in Fig. 6. Agreement and correlation between the two models is 
less than between TSEB1 and TSEB2I. Correlation, R, between the two 
model versions is equal to 0.55 for LE and 0.30 for H, whereas the mean dif-
ferences and RMSD between TSEB2D and TSEB1 are  +39.4 Wm–2  and 
40.2 Wm–2, respectively, for H. Again the difference statistics for LE are 
equal and opposite to those of H. Interestingly, the mean difference has the 
opposite sign as compared to TSEB2I. Once again, an explanation is found 
by a closer examination of the component flux outputs of both model ver-
sions, as shown in Fig. 6. Model output statistics are presented in Table 3. 

For the soil component fluxes, shown in the right panel of Fig. 6, a simi-
lar reasoning may be followed as described in the last paragraph of Sec-
tion 3.3.1. Therefore, the right panel of Fig. 6 is very similar to the right 
panel of Fig. 4. 

Fig. 6. Turbulent fluxes and their components (lower panels) from TSEB1 versus 
TSEB2D. In red/orange pixels are shown where  TS observed < TS modelled  and/or 
TC observed > TC modelled. 
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However, a striking difference between the two model versions can be 
observed with respect to the canopy component fluxes. In the TSEB2D ap-
proach, values for HC range from –35 to 175 W·m–2. However, in the TSEB1 
approach, for almost the entire vineyard, the canopy is transpiring at the po-
tential rate, resulting in negligible values for HC under the current circum-
stances. 

In the absence of stressed vegetation, the first estimate of the partitioning 
of RnC into LEC and HC in TSEB1 is determined entirely by the slope of the 
saturation vapor pressure, Δ, which depends solely on air temperature. In the 
temperature range between 25 and 35°C, which are typical summertime val-
ues at this latitude, the first estimate of the portion of RnC that is consumed 
by latent heat exchange ranges from 95 to 105%. This leaves only negligible 
amounts of energy available for sensible heat exchange between the canopy 
and the air. Under TSEB1, these first estimates will not change as long as the 
first estimate of the soil component of the sensible heat flux, HS-1, is smaller 
than the available amount of energy for the soil, i.e., RnS – G. In other words, 
these first estimates will not change as long as LES-1 is larger than 0. This is 
the case for almost all pixels in the vineyard. 

Following Eq. 8, negligible sensible flux over the canopy results in a 
within-canopy air temperature very similar to the canopy temperature. One 
could reason that in such a case the sensible heat flux over the soil is driven 
by the difference between TS and TC. Given that the first estimate of TC in 
TSEB1 is the average between air temperature and radiometric surface tem-
perature, this means that the first estimate of HS is driven by the difference 
between air and radiometric surface temperature as a function of fractional 
canopy cover, fC, over the surface resistance. Using this information in the 
first estimate of LES provides a simple first check whether given conditions 
will predict water-stressed canopy conditions. Under the current conditions, 
this first estimate of LES is positive everywhere, meaning no lowering of αPT 
in Eq. 11 occurred at any location. Hence the canopy sensible heat flux esti-
mates in TSEB1 (as for TSEB2I) are negligible (Table 3). This is remarka-
ble, given that the observed canopy component temperatures are “biased 
towards the upper theoretical limit with respect to air temperature”, indicat-
ing potentially relatively high canopy sensible heat fluxes. It should be noted 
at this point that for TSEB1 (and for TSEB2I) to predict stressed conditions 
LES has to be zero. Therefore, situations where the upper soil is wet (due to 
dew, or just after a rain or irrigation event) and plants (which have their roots 
at a deeper and potentially drier soil layer) are stressed, cannot be modelled 
by TSEB1 nor TSEB2I. This is a drawback of the model for agricultural ap-
plications. 

Contrary to TSEB1 and TSEB2I, in TSEB2D the canopy turbulent flux-
es, HC and LEC, are not estimated from RnC, but from the canopy tempera-
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tures directly. As such, a potential error in RnC will affect TSEB1-HC and 
TSEB2I-HC, but will not affect TSEB2D-HC. The TSEB2D estimates for 
canopy sensible heat fluxes, that range from –35 to 175 W·m–2, are on aver-
age 69 W·m–2 and show a standard deviation equal to 10.0 W·m–2. This rela-
tively large range is also observed by Kustas and Norman (1997) who state 
that in general an approach that uses the component temperatures directly 
produces considerable scatter. Of course, we do not have component flux 
observations at the scale of individual vines, but given the observed range in 
canopy temperatures a certain scatter in canopy sensible heat fluxes may be 
expected. This is in accordance with the nature of this vineyard, where both 
full-grown mature vine stands exist next to younger vine stands with a lower 
fractional vegetation cover and a higher irrigation supply. Although no indi-
vidual canopy flux observations are available, the range in TSEB2D model 
output therefore seems realistic. The larger rate of latent heat from the soil 
could be related with the dew registered on the lysimeter as mentioned earli-
er. 

In TSEB2D, the canopy sensible heat fluxes were estimated following 
Eq. 8, where ρa, Cp, and TC are the observed parameters, RX is estimated as 
given in Eq. A.8 in Norman et al. (1995) and TAC is estimated following 
Eq. 14. Since the main variation in RX originates from wind speed just above 
the canopy, no large differences between TSEB1 and TSEB2D are noted, see 
the upper left panel of Fig. 7. Given the large spread in HC for TSEB2D one 
might expect an effect on TAC as well. This effect, which is a reduction in 
standard deviation and relatively lower values, is shown in the upper right 
panel of Fig. 7. TAC is derived not only from air and component temperatures 
but also depends directly on the resistances (Eq. 14). How they relate to the 
soil and aerodynamic resistances in TSEB1 is plotted in the lower panels of 
Fig. 7. Larger values and larger standard deviation for RS, similar to TSEB2I, 
are seen for TSEB2D as compared to TSEB1. To a lesser extent, the oppo-
site is seen for RA, lower standard deviation and partly lower values in 
TSEB2D. Apparently, the interplay between component temperatures and 
resistances Eq. 14 has a compensating, lowering effect on TAC here. 

Since TAC depends not only on observed air and component temperatures 
but on all resistances as well, the different resistance parameterizations are of 
crucial importance for obtaining accurate component flux estimates here. 
Validation of these parameterizations for the current study would have in-
volved further experimental observations of within- and above-canopy wind, 
temperature, and flux profiles. However, this is beyond the scope of the cur-
rent study, whose objective was merely to investigate the effect of using ob-
served component temperatures instead of model-derived component 
temperatures on model output. 
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Fig. 7. Comparison between TSEB1 and TSEB2D for the within-canopy tempera-
ture, TAC, and the resistances, RX, RS, and RA. 

3.3.3  Concluding remarks 
Summarizing, using the observed component temperatures in TSEB2D re-
sults in higher values for H, and lower values for LE, as compared to TSEB1 
under current conditions. The opposite holds true for TSEB2I; here, using 
the observed component temperatures results in lower values for H and 
higher values for LE.  

The latter is explained entirely by the soil components for TSEB1 and 
TSEB2I, as described extensively in Section 3.3.1. The soil components for 
TSEB2I and TSEB2D are estimated in a similar manner. Both use the ob-
served TS, resulting in a lower HS estimate for both models with respect to 
TSEB1. Since no PT-iteration took place, no “correction” was performed on 
LES in TSEB2I, hence the lower right panels of Figs. 4 and 6 have a very 
similar shape. The (small) difference in magnitude of the soil fluxes of 
TSEB2I and TSEB2D is regulated mainly by the difference in magnitude of 
TAC because RS for the two models is almost identical since wind speed val-
ues do not differ significantly between model versions. 

Because the estimations of H fluxes from TSEB2D on average are higher 
than those of TSEB1, the under-estimation of HS by TSEB2D with respect to 
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TSEB1 has to be more than compensated by the over-estimation of HC. The 
average difference between modelled and observed canopy temperatures is 
2.0 °K, whereas for the soil temperatures this is only 1.5 K, meaning that po-
tentially the effect of using observed component temperatures on HS is 
smaller than on HC. This effect is even emphasized by the resistances, be-
cause RS becomes larger when using the observed component temperatures, 
whereas RX remains (almost) unchanged. Therefore, the estimates of H from 
TSEB2D are higher than those of TSEB1 when TC observed is larger than TC 
modelled. This is reflected by the red pixels in the upper left panel of Fig. 6, 
which are all above the 1:1 line. 

Now, the question remains which of the model versions performs better. 
Unfortunately we do not have (component) flux measurements. However, an 
indication of the model performance may be obtained from Table 4, where 
TSEB1, TSEB2I, and TSEB2D model outputs for LE are compared with the 
lysimeter measurements. The best fit corresponds to the TSEB2D output, 
although the agreement with TSEB1 is still within generally accepted ranges. 
The TSEB2I output shows the largest discrepancy, suggesting that using the 
Priestley–Taylor approach combined with observed component temperatures 
performs worse than using the Priestley–Taylor approach only. 

Table 4 
LE model results for TSEB1, TSEB2I, and TSEB2D  

versus the lysimeter observation 

Latent heat flux 
[Wm–2] 

Lysimeter TSEB1 TSEB2I TSEB2D 
124 163 201 125 

 

4. SUMMARY 
Validation of the widely used single-angle model, TSEB1, over a very het-
erogeneous agricultural area in a semi-arid environment showed good results 
that are comparable to previous validations work done for the model. Turbu-
lent flux exchanges showed a particularly good fit with respect to ground ob-
servations. 

Dual-angle measurements yielded observations of soil and canopy com-
ponent temperatures that showed a larger spread than modelled values for TS 
and TC. No ground observations of component temperatures were made dur-
ing the overpass but values showed very similar responses compared to ob-
servations made during previous and comparable campaigns and were within 
theoretical limits. Values obtained for canopy temperature indicated relative-
ly stressed vegetation stands. This was not confirmed by results of the 
TSEB1 model, which generated values for TC that were generally lower than 
observations and TS that were generally higher than observations. 
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The output of two types of the dual angle version of TSEB, comparable 
to those described in Kustas and Norman (1997) and Colaizzi et al. (2012a), 
was compared with the output of the single-angle model version. The first 
version, TSEB2I, contains a similar iteration procedure to that of the single-
angle version, invoking a step-wise lowering of the Priestley–Taylor coeffi-
cient. The second version, TSEB2D, without iteration procedure, utilizes the 
observed component temperatures to estimate component sensible heat flux-
es directly.  

Reasonable agreement and correlations between TSEB1 and TSEB2I 
model outputs for the turbulent fluxes were found. TSEB1 generates slightly 
lower values for LE and slightly higher values for H than TSEB2I. This is 
entirely regulated by the soil component of the fluxes, since the canopy flux 
estimates of both model versions are similar due to the iteration procedure 
used in both model versions. This procedure yields a potentially transpiration 
canopy in over almost the entire vineyard under the current conditions. The 
higher values for TS obtained in TSEB1 as compared to observed values for 
TS always result in higher estimates of HS in the current parameterization. 
LES is calculated as a rest-term, so TSEB1 estimates are lower than estimates 
of TSEB2I. TSEB1 results for H are therefore higher than for TSEB2I and 
TSEB1 results for LE are lower than for TSEB2I. 

There is considerably less agreement between the TSEB1 and TSEB2D 
model outputs. Since the soil components are estimated in a similar manner 
as for TSEB2I, the reason for the poorer agreement lies in the estimation of 
the canopy component fluxes. Under the current conditions, TSEB1 predicts 
potential transpiration rates for the entire vineyard, which yields negligible 
HC estimates overall. However, using observed TC in TSEB2D to directly es-
timate HC yields values that range from –35 to 175 W·m–2. Even though no 
ground observations are available for these component fluxes, these values 
seem to be more realistic under the given conditions. Moreover, local cir-
cumstances indicated the potential existence of stressed vegetation co-
existing with evaporating soil, or substrate, which is a condition that cannot 
be modelled by TSEB1 nor TSEB2I. 
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