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Surface albedo and emissivity are essential variables in surface energy balance. In recent decades, several land
surface energy models have used both surface broadband albedo and emissivity in order to achieve reliable
evapotranspiration retrievals on a daily basis. Despite these improvements in surface energymodels, we noticed
an assumption thatmost studiesmakewhen using this framework. It assumes that the surface broadband albedo
and emissivity can be estimated directly as a weighted average of spectral surface bi-directional reflectances, and
as a weighted average of spectral surface emissivities retrieved at a given view angle, respectively. However, this
approach does not take into account surface anisotropy, which is described by the Bi-directional Reflectance Dis-
tribution Function (BRDF) in the case of the surface albedo. In this paper, we analyze the influence that estimating
land surface albedo directly from the surface reflectance (αREF) or through the BRDF integration (αBRDF) has on
the estimation of energy balance components (net radiation, latent and sensible heat fluxes and evapotranspira-
tion) by using the Simplified Surface Energy Balance Index (S-SEBI). To this end, in-situ data and remote sensing
images acquisitioned at different view zenith angles (VZA) such as 0°, ±40° and ±57° by the Airborne
Hyperspectral Scanner (AHS) over an agricultural areawere used. Results show high variation inαREF depending
on the VZA when compared to αBRDF, with the highest difference observed in the backward scattering direction
along the hot spot region (RMSE of 0.11 and relative error of 65%). Net radiation gives relative errors from 6 to
17%,with themaximumerror obtained in the images that include the hot spot effect, whereas significant changes
are not observed in case of the ground heat flux and the evaporative fraction. However, sensible heat flux, latent
heat flux and daily evapotranspiration show relative errors ranging between 23–39%, 6–18% and 5–15% respec-
tively. In a future study, the influence of estimating surface emissivity directly from the average of spectral emis-
sivities under a given view angle or using a hemispherical value will be analyzed.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Surface albedo is a key radiation parameter required for modeling
the Earth's energy budget and land–atmosphere radiative interac-
tions. It is a crucial parameter in determining the magnitude of energy
fluxes in the soil–plant–atmosphere continuum (Bonan, 2008; Chapin,
Randerson, McGuire, Foley, & Field, 2008) as it affects surface tempera-
ture, evaporation and transpiration, cloud formation and precipitation,
thus ultimately impacting gross primary productivity (Dickinson,
1983; Lawrence & Slingo, 2004; Ollinger et al., 2008; Sellers et al., 1997).

Theoretically, surface albedo is defined as the ratio between the up-
welling and down-welling incident irradiance upon a surface. While
surface reflectance is defined as this same fraction for a single incident
angle, albedo is the directional integration of reflectance over all sun-
view geometries (Pinty & Verstraete, 1992). Thus, the estimation of
surface albedo is based on different angular measurements of surface
reflectance. The Bidirectional Reflectance Distribution Function (BRDF)
describes the directional dependence of land reflectance as a function
of the sun-target-sensor geometry. Therefore, surface albedo is derived
by integrating a BRDFmodel over all view and illumination angles. Con-
sequently, a high number of angular measurements are required to
calculate surface albedo.

Surface albedo is estimated from ground-based measurements
using albedometers or through several directional surface reflec-
tance measurements using a goniometric system (Liang, Li, & Wang,
2012). These measurements, however, are very time consuming and
only few surfaces can be characterized and measured. Given this, and
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in order to account for a wide range surface cover types, remote sensing
fulfills an important role in obtaining accurate retrievals of surface
albedo. However, in some cases the estimation of surface albedo
from remotely sensed data (mostly when working with airborne
data) is a challenging problem due to low angular sampling. Several
authors have reported relevant results obtained from surface albedo
estimations made from satellite observations, such as the Moderate
Resolution Imaging Spectroradiometer (MODIS), the Advanced
Very High Resolution Radiometer (AVHRR), the POLarization and Di-
rectionality of the Earth's Reflectances (POLDER), the Multi-angle
Imaging Spectroradiometer (MISR) and the Spinning Enhanced
Visible and InfraRed Imager (SEVIRI) (Diner, 1999; Geiger, Carrer,
Franchisteguy, Roujean, & Meurey, 2008; He et al., 2012; Leroy
et al., 1997; Pinty et al., 2000; Pinty et al., 2011; Schaaf et al., 2002;
Strugnell & Lucht, 2001) Moreover, those estimations have been
widely validated with ground measurements across several types of
land cover (Cescatti et al., 2012; Chen, Liang, Wang, Kim, & Martonchik,
2008; Jin, Schaaf, Gao, et al., 2003; Jin, Schaaf, Woodcock, et al., 2003;
Liang et al., 2002; Liu et al., 2009; Román et al., 2009, 2010; Wang,
Liang, Schaaf, & Strahler, 2010).

Detailed knowledge of land surface fluxes, especially latent and
sensible heat components, is important for monitoring land surface
processes in weather and climate models that predict fluxes ex-
changes between the surface and the lower atmosphere, and for ag-
ricultural applications such as irrigation scheduling (Courault,
Seguin, & Olioso, 2005; Kalma, McVicar, & McCabe, 2008). In fact, a
sensitivity analysis estimating the impact of albedo uncertainties on cli-
mate modeling showed that absolute albedo accuracy of between
±0.02 and ±0.03, equivalent to an uncertainty of ±10 Wm−2 of the
net radiation, results in significant changes in regional climate simula-
tions (Nobre, Sellers, & Shukla, 1991; Sellers et al., 1995).

One of the key factors behind the land surface energy process is
evapotranspiration (ET). This is defined as the flux of water evapo-
rated at the earth–atmosphere interface (from soil, water bodies
and interception) and transpired by vegetation through stomata in
its leaves as a consequence of photosynthetic processes. Surface al-
bedo accuracy must directly affect the precision of the net radiation
and thus, indirectly, the daily evapotranspiration and other land sur-
face fluxes. Nevertheless, no focused research analyzing the impact
of albedo accuracy on surface energy balance parameters has been
done yet. Basically, in the case of evapotranspiration models (Allen,
Tasumi, & Trezza, 2007; Bastiaanssen, Menenti, Feddes, & Holtslag,
1998; Corbari, Ravazzani, & Mancini, 2011; Menenti & Choudhury,
1993; Roerink, Su, & Menenti, 2000; Su, 2002), when there are no
in-situ data available, the surface albedo can be estimated in
different ways. Most studies, however, assume the surface to be
Lambertian, thus considering the albedo to be equivalent to surface
reflectance (French et al., 2005; Galleguillos, Jacob, Prévot, French, &
Lagacherie, 2011; McCabe & Wood, 2006; Sobrino, Gomez, et al.,
2007; Timmermans, Kustas, Anderson, & French, 2007; Tittebrand &
Berger, 2008; Verstraeten, Veroustraete, & Feyen, 2005; Vinukollu,
Wood, Ferguson, & Fisher, 2011). All these works showed significant
and relevant statistical results with regard to the performance of the
evapotranspirationmodel and showno error sensibility of the influence
of albedo accuracy on the results.

With a focus on the important role that surface albedo has on land
surface fluxes, the main objective of this work is to evaluate the impact
that considering surface broadband albedo derived from the BRDF to
have the same magnitude derived from the surface reflectance has on
energy balance components, especially on the estimation of daily
evapotranspiration. To this end, the paper is structured as follows:
Section 2 provides the data set and study area. Section 3 describes the
methodology used to estimate the surface energy components, compar-
ison and evapotranspirationmethods. Section 4 presents the results ob-
tained in this work and the following sections include a brief discussion
and conclusions of this study.
2. Study area and data acquisition

2.1. Barrax test site

The study area of Barrax is located in the La Mancha region of Spain
(Fig. 1). This test site is in the western part of the province of Albacete,
28 km from the capital town of Albacete (39°3′N, 2°60′W). The surface
cover of the study area includes annual crops and natural surfaces such
as alfalfa, wheat, oat, corn, green grass and bare soil. A detailed descrip-
tion of Barrax test site is presented in Sobrino, Mattar, Gastellu-
Etchegorry, Jiménez-Muñoz, and Grau (2011).

The Barrax test site is one of the most important calibration/
validation areas widely used for field campaigns in Europe. A complete
overview of some field campaigns and their applications are detailed
in Sobrino et al. (2008, 2009, 2013); Sobrino, Franch, Oltra-Carrió,
Vermote, and Fedele (2013); Sobrino, Franch, Mattar, Jiménez-
Muñoz, and Corbari (2012). This paper is focused on the field cam-
paign developed in the framework of the Earth Observation: Optical
Data Calibration and Information eXtraction (EODIX) project. It was
carried out from the 10th to the 12th of June 2011, when extensive
in-situ and airborne measurements were carried out over several
crops and natural areas. The two data types are described as follows.

2.2. In-situ data

2.2.1. Continuous measurements
During the EODIX field campaign, two fixed meteorological and flux

stations complementedwith radiometric measurements were placed in
two different crops: wheat and barley fields.

In the case of the wheat field, air temperature, relative air humidity,
net radiation and ground heat flux were acquired at a time step of
10 min. Net radiation was measured using two different automatic
pyranometer and pyrgeometer instruments (NR01-L4) which collected
the down and up-welling radiance in the short and thermal infrared
range. Ground heat flux was measured by the integration of two heat
plates installed at two different soil depths (5 and 10 cm). Finally, air
temperature and relative humidityweremeasuredby single instrument
(HMP45C-L).

Over the barley crop, an eddy covariance tower was installed. Latent
and sensible heat fluxes were measured by a three-dimensional sonic
anemometer (Young 81000) and open path gas analyzer (LICOR 7500)
located at the top of a 5 meter tower. Data were collected at high fre-
quency (20 Hz) and then averaged eachminute. Energy fluxeswere ini-
tially corrected by applying instrumental and physical corrections
(Corbari, Masseroni, & Mancini, 2012). In particular, the Webb correc-
tion for density fluctuations (Webb, Pearman, & Leuning, 1980) and
the correction for buoyancy flux due to sonic temperature measure-
ments (Liu, Peters, & Foken, 2001) were considered. In addition, tilt cor-
rection was applied (Tanner & Thurtell, 1969). Frequency response
corrections (Massman and Lee, 2002) and despiking procedure were
also applied. Net radiation, relative air humidity and air temperature
were measured at a 1 minute time step.

2.2.2. Transects
In-situ measurements for calibration and validation purposes

were carried out simultaneously with the airborne overpass.
Biogeophysical parameters such as land surface emissivity and tem-
perature, in addition to visible and near-infrared surface reflectance,
were retrieved by transects over different surface types of the test
area in order to obtain sufficient representative spectra. The Thermal
Infra-Red (TIR) measurements (emissivity and LST) were carried out
using a CIMEL CE312-2 radiometer. The CIMEL CE312-2 is a radiance-
based thermal-infrared radiometer composed of an optical head and a
data storage unit. Its detector includes 6 bands, a broadband, 8–13 μm,
and five narrower filters, 8.1–8.5 μm, 8.5–8.9 μm, 8.9–9.3 μm, 10.3–
11 μm and 11–11.7 μm. The emissivity characterization of different



Fig. 1. The study area of Barrax, Spain. Different cover types such as Barley (B), Wheat (W), Corn (C) and Bare soil (BS) are shown. The Normalized Difference Vegetation Index (NDVI) is
also presented.
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surfaces was carried out by means of the TES (Temperature and Emis-
sivity Separation) algorithm (Gillespie, Rokugawa, Matsunaga,
Cothern, Hook, & Khale, 1998) applied to ground-based measurements
(Jiménez-Muñoz and Sobrino, 2006; Payan and Royer, 2004; Sobrino
et al., 2009, 2011).

Regarding the Visible andNear Infrared (VNIR)measurements, tran-
sects were carried out using an ASD Field Spec 3 spectroradiometer and,
in addition, we had at our disposal a GER-1500 spectroradiometer
mounted in a goniometer system. These latter measurements were
carried out in a corn field in order to validate both the surface reflec-
tance and the albedo derived from AHS imagery. More details on
these measurements can be found in Sobrino et al. (2013).

2.3. Airborne data

The airborne data studied in this work were acquired by the Air-
borne Hyperspectral Scanner (AHS), which is an 80-band airborne
imaging radiometer, developed and built by SensyTech Inc., (cur-
rently Argon ST, and formerly Aedalus Ent. Inc.), and operated by
the Spanish Institute for Aerospace Technology (INTA). It has 63
bands in the reflective part of the electromagnetic spectrum, 7
bands in the 3 to 5 μm range and 10 bands in the 8 to 13 micron re-
gion. The AHS was installed in a CASA-212 200 paternina Series air-
craft, and integrated with a GPS/INS POS-AV 410 from Applanix.

The data used in this work were acquired in straight line at an alti-
tude of 2545 m above sea level on the 12th of June, 2011. The resulting
data have a ground spatial resolution of 4m. During this campaign, sev-
eral flights were carried out from 9 to 10 UTC in order to obtain enough
bidirectional observations to retrieve the BRDF of the test area and to
estimate the surface reflectance in the VNIR spectral range. Fig. 2
shows the flight lines followed. They were planned bearing in mind
the symmetry of the BRDF in the orthogonal plane. In order to
achieve view zenith angles near 60°, a wedge was placed under the
AHS, thereby tilting the sensor during the flights carried out along the
furthest flight lines with regard to the main area. To conclude, Table 1
summarizes the whole data used in this work.

3. Methods

3.1. Atmospheric correction

During the EODIX field campaign, seven flight overpasses were proc-
essed. These images belong to different wavelengths between the visible
and the thermal infrared. Thus, two different correctionswere carried out
in order to obtain the surface reflectance and albedo respectively from
VNIR data, and land surface temperature and emissivity from TIR data.

Airborne images from the visible and near infrared spectral range
were atmospherically corrected with the radiative transfer code 6S
(Vermote, Tanré, Deuzé, Herman, & Morcrette, 1997) and assuming
a Lambertian surface (Franch, Vermote, Sobrino, & Fédèle, 2013).
The necessary inputs in this process were the aerosol optical thick-
ness at 550 nm (which was retrieved continuously during the cam-
paign with a CE318 sunphotometer), the water vapor content
(determined from a local radiosounding performed simultaneously
to the airborne overpass), as well as the geometrical conditions of
each pixel of each image (day of the year, solar zenith angle, view ze-
nith angle and relative azimuth angle). Surface reflectance images
resulting from the atmospheric correction scheme were tested with



Fig. 2. Flight lines over the test area on 12th June.
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in-situ measurements retrieved by an ASD spectroradiometer pro-
viding a RMSE under 0.03 for each band. Additional information
about the validation process can be found in Sobrino et al. (2013).

Otherwise, thermal correction was carried out using the Modtran
atmospheric radiative code (Berk et al., 1999) and vertical atmo-
spheric profile data derived from an in-situ radiosonde launching
during each flight over pass, as presented in Sobrino, Jiménez-Muñoz,
Zarco-Tejada, Sepulcre-Cantó, and de Miguel (2006).

3.2. Albedo estimations

Surface reflectance is highly anisotropic. For a given sun angle, surface
reflectancemay vary by a factor of two in the near infrared and evenmore
in the visible part of the electromagnetic spectrum (Kriebel, 1978). The
largest reflectance variations are observed close to the backscattering di-
rection, which is seldom observed by cross-track sensors (Breon,
Maignan, Leroy, & Grant, 2002; Vermote & Roy, 2002). Nevertheless,
even when this particular viewing geometry is avoided, the reflectance
variations due to observation geometry can be of the same order as the
temporal variations (Roy, Lewis, & Justice, 2002).

As discussed in the introduction, BRDF describes the directional
dependence of land reflectance as a function of sun-target-sensor
geometry. In this paper, we use the RossThick-LiSparse-Reciprocal
BRDF model (Strahler et al., 1999) but corrected for the Hot-Spot
Table 1
Data set used in this work retrieved during EODIX field campaign.

Type Coordinates Land cover

Meteorological and flux tower 39° 3′ 46.4″ N
2° 5′ 33.8″ W

Wheat

Meteorological and flux tower 39° 03′ 17.3″ N
2° 05′ 38.9″ W

Barley

Land Leaving Radiance (transects) Different locations Bare soil, alfalfa, corn, ba
wheat and green grass

Airborne 39° 4′ 1.6″ N
2° 5′ 30.3″ W

All study area

Atmospheric measurements 39° 3′ 46.4″ N
2° 5′ 33.8″ W

All study area
process proposed by Maignan, Breon, and Lacaze (2004). The theo-
retical basis for this semi-empirical model is that land surface reflec-
tance is modeled as a sum of three kernels (1) representing basic
scattering types: isotropic scattering, radiative transfer-type volu-
metric scattering, such as from horizontally homogeneous leaf cano-
pies, and geometric–optical surface scattering, such as from scenes
containing three-dimensional objects that cast shadows and are mu-
tually obscured from view at off-nadir angles.

ρ θs; θv;ϕð Þ ¼ k0 þ k1 F1 θs; θv;ϕð Þ þ k2 F2 θs; θv;ϕð Þ ð1Þ

Where θs is the sun zenith angle, θv is the view zenith angle, φ is
the relative azimuth angle, F1 is the volume scattering kernel, based
on the Rossthick function derived by Roujean, Leroy, and Deschamps
(1992) but corrected for the Hot-Spot process proposed by Maignan
et al. (2004) and F2 is the geometric kernel, based on the LiSparse-
Reciprocal model (Li & Strahler, 1992) but using the reciprocal form
given by Lucht (1998). F1 and F2 are fixed functions of the observation
geometry and k0, k1, and k2 are the model parameters associated with
each kernel, which are free parameters.

BRDF has been shown to be significantly different for bare soil and
vegetated surfaces because vegetated surfaces show higher anisotropy
than bare soil does. More specific, over vegetation targets, directional
signatures are characterized by a strong increase toward backscattering
Measurement

Net radiation, air temperature, relative humidity, soil moisture, ground flux

Net radiation, air temperature, relative humidity, soil moisture, ground flux,
Latent and Sensible heat fluxes

rley, Spectral signature (visible and near infrared)
Land surface temperature and emissivity (narrow thermal bands)
AHS sensor
(80 bands from 0.3 to 14.8 um)
Aerosol optical thickness at 550 nm), water vapor and ozone

image of Fig.�2
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and much smaller variations in forward directions (Bacour & Breon,
2005).

Theoretically, surface albedo is defined as the ratio between the
up-welling and down-welling incident irradiance upon a surface.
Down-welling flux may be written as the sum of a direct component
and a diffuse component. Black-sky albedo or directional–hemispherical
reflectance (DHR) is defined as albedo in the absence of a diffuse compo-
nent and is a function of solar zenith angle. White sky albedo or bi-
hemispherical reflectance (BHR) is defined as albedo in the absence
of a direct component when the diffuse component is isotropic. It is
a constant. Therefore, the albedo can be written as integrals of the
BRDF model through the black-sky albedo (αbs) and the white-sky
albedo (αws).

αbs θs;Λð Þ ¼
X
k

f k Λð Þhk θsð Þ ð2Þ

αws Λð Þ ¼
X
k

f k Λð ÞHk ð3Þ

where

hk θsð Þ ¼
Z 2π

0

Z π=2

0
Kk θs; θv;ϕð Þ sinθv cosθvdθvdϕ ð4Þ

Hk ¼ 2
Z π=2

0
hk θsð Þ sinθs cosθsdθs ð5Þ

Since the black-sky albedo depends on the solar zenith angle,
each airborne image had different black-sky albedo, but equal
white sky albedo. By interpolating between black-sky and white-
sky albedo quantities, the following equation can be used to compute
the blue-sky (or instantaneous) albedo:

α θs;Λð Þ ¼ t1−S θs; τ Λð Þð Þb αbc θs;Λð Þ þ S θs; τ Λð Þð Þαws Λð Þ ð6Þ

where S is the fraction of diffuse skylight that depends on the aerosol
optical depth τ and on the wavelength Λ. This parameter was derived
from 6S for each airborne image.

Finally, the spectral to broadband conversion was performed by
following Liang (2001). Considering the spectral characteristics of
AHS, we selected the MODIS equation (whose bands present the
most similar response compared to AHS bands), which is written as

αbroadband ¼ 0:160α8 þ 0:291α15 þ 0:243α2 þ 0:1165 þ 0:112α20
þ 0:081α35−0:0015 ð7Þ

where αi is the blue-sky albedo of the AHS band i. Eq. (7) estimates
the broadband albedo from narrowband albedo. However, these vari-
ables are often replaced by the surface bi-directional reflectance in
several evapotranspiration studies (Ma et al., 2008; Ruhoff et al.,
2012; Samani, Salim-Bawazi, Bleiweiss, Skaggs, & Tran, 2007, among
others). This is the variation of the bi-directional reflectance during
the daytime, and how it may range through different remote sensing
images. In order to analyze this effect, the surface broadband albedo
calculated from the BRDF was compared to the surface broadband
“albedo” that was estimated by directly averaging the surface reflec-
tance images using Eq. (7).

Finally, two broadband albedo images, derived from BRDF and
surface reflectance, were estimated for each of the AHS images.
These albedo images were compared in order to see the angular
variations, and they were also used in the net radiation estimation.
3.3. Land surface temperature and emissivity

The long-wave component of the net radiation and most evapo-
transpiration algorithms need the estimation of the land surface
temperature and emissivity. For this purpose, the Temperature and
Emissivity Separation (TES) method proposed by Gillespie et al.
(1998) was used in this work. This method was initially developed
for the Advanced Spaceborne Thermal Emission and Reflection Radi-
ometer (ASTER), although in several field campaigns even in barrax
areas and using the AHS images, this method obtains satisfactory re-
sults (Sobrino, Jimenez-Munoz, et al., 2007). Once the land surface
temperatures and emissivity were retrieved, the spectral emissivity
(for each of the 10 thermal bands) was converted from the narrow
to broadband emissivity using the simple average. Note that in this
paper focus on angular effects related to the surface albedo, so angu-
lar effects on surface emissivity and/or LST will not be considered.
Implications of this assumption will be discussed in Section 7.

3.4. Net Radiation estimations

The Net Radiation (Rn) was estimated using the energy balance
equation:

Rn ¼ 1−αð ÞRS↓þ εSRL↓−RL↑ ð8Þ

where RS↓ (Wm−2) is the incoming direct and diffuse shortwave ra-
diation at surface, α is the surface broadband albedo, RL↓ (Wm−2) is
the incoming longwave radiation from the atmosphere, RL↑ (Wm−2) is
the outgoing longwave radiation emitted from the surface to the atmo-
sphere, and εs is the surface emissivity.

Analyzing each variable in Eq. (9), two images of Rnwere calculated
by using both the broadband albedo derived from the BRDF, as well
as the surface reflectance weighted average following Eq. (7). RS↓
and RL↓ were estimated from in-situ measurements and assumed
equal for the whole the study area. In addition, RL↑ was estimated
using the equation:

RL↑ ¼ εSσT4
S ð9Þ

where εs and Ts are the surface broadband emissivity and temperature
derived from AHS images, and σ is the Stefan–Boltzmann constant
(5.67 ∙ 10−8 W m−2 K−4).

3.5. Daily evapotranspiration

Rn (W m−2) can also be estimated using the following energy
balance equation

Rn ¼ H þ LE þ G ð10Þ

where G (Wm−2) is the ground flux, H (Wm−2) is the sensible heat
flux and LE (W m−2) is the latent heat flux. Thus, the variations in
this magnitude, driven by the albedo variability, should affect the es-
timation of surface flux and, therefore, evapotranspiration. Since G,H
and LE are needed to estimate the instantaneous evapotranspiration,
these variables were computed using the following equations. Firstly, G
flux can be derived from a proportion of Rn estimated according the sur-
face features related to vegetation information or by including a thermal
parameter such as the land surface temperature (Bastiaanssen, 2000;
Su, 2002). In this work, G (Wm−2) flux was estimated using the meth-
od proposed by Clothier et al. (1986),

G ¼ Rn 0:295−0−01331
ρNIR

ρIR

� �
ð11Þ
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where Rn (W m−2) is net radiation, ρNIR and ρIR are reflectance for
the red and the near infrared channels. It is important to note that
a proportion of the angular effects are also included in the surface re-
flectance ratio. For daily evapotranspiration, G is assumed to be equal
to zero.

Secondly, in order to estimate H and LE, we used the Simplified Sur-
face Energy Balance Index (S-SEBI) method developed by Roerink et al.
(2000). This method consists of a base line representative of the maxi-
mum sensible heat (λE=0) and themaximum potential evapotranspi-
ration (λE = Max, H = 0). It is based on the evaporative fraction (EF)
estimation using the surface albedo and the land surface temperature
relationship. When determining EF, an approximation using Eq. (12)
Fig. 3. Surface albedo estimated by surface reflectance (left column) and BRDF (right column)
color scale legend represents the amount of pixels that belong to each ordered pair in the scat
(according to Roerink et al., 2000; Su, Pelgrum, & Menenti, 1999;
Verstraeten et al., 2005) is attempted:

EFi ¼
TH−Ts

TH−TLE
¼ aHα0 þ bH−Ts

aH−aLEð Þα0 þ bH−bλETð Þ ð12Þ

where TH is land surface temperature for dry pixels; TLE is land sur-
face temperature for wet pixels; Ts is land surface temperature; α0

is surface albedo; aH, aLE are the slopes of the line of, respectively,
the high and low temperatures as a function of surface albebo; bH,
bLE are the intercepts of the line of, respectively, the high and low
temperatures as a function of surface albedo. In this paper, the S-SEBI
and during each overpass flight and its variation with the zenithal observations angle. The
terplot.

image of Fig.�3


Fig. 3 (continued).
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model was applied to estimate the surface albedos (αBRDF and αRef) in
order to determine the angular effects in evaporative fractions. Initially,
this method was developed from Landsat imagery where the surface
broadband albedo was estimated using surface reflectance (Roerink
et al., 2000). Therefore, some differences can be expected when αBRDF

is used in the albedo/temperature diagram, and consequently the evap-
orative fraction is going to be influenced by this effect. Then,H (Wm−2)
and LE (Wm−2) were derived from the following equations:

LE ¼ EF Rn−Gð Þ ð13aÞ

H ¼ 1−EFð Þ Rn−Gð Þ ð13bÞ
Finally, AHS images were used to assess the influence of angular ef-
fects on daily evapotranspiration (ETd (mm)) using the following equa-
tions.

ETd ¼ 24 � 3600 � EF � Rnd

λ
¼ 24 � 3600 � EF � Cdi � Rni

λ
ð14Þ

where Rni is the net radiation for each image (instantaneous value), Rnd
is the daily net radiation, and Cdi is the ratio between Rnd and Rni pro-
posed by Seguin and Itier (1983). This valuewas equal to 0.315 as an av-
erage of the Cdi. The EF at daily scale was assumed to be similar to that
derived instantaneously from Eq. (12) at the time of remote sensing
data acquisition (Bastiaanssen, 2000). The latent heat of vaporization
was considered to be equal to 2.45 MJ/kg. For daily evapotranspiration
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Fig. 3 (continued).
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computation, G, LE and H were not considered because the term EF in-
volved in Eq. (14) is computed by using Eq. (12) based on albedo and
land surface temperatures, thus giving the radiative information corre-
sponding to the maximum and minimum fluxes.

3.6. Error analysis

Assuming that all the parameters in Eq. (6) are independent (not
correlated), the propagation error can be calculated in a straightfor-
ward way to estimate the impact of absolute errors on albedo and to
obtain Rn, G, H, LE, EF and ET daily. Given a functional relationship of
the shape:

y ¼ f x1; x2; ::::; xNð Þ ð15Þ

The sensitivity of the dependent variables y to a generic parameter
x1, x2,…,xN can be estimated by:

Δy ¼ ∂ f x1; x2;…; xNð Þ
∂x1

� �
Δx1 þ

∂ f x1; x2;…; xNð Þ
∂x2

� �
Δx2 þ…

þ ∂ f x1; x2;…; xNð Þ
∂xN

� �
ΔxN ð16Þ

The error propagation includes the differences between αREF and
αBRDF. The error propagation was introduced into the model to re-
trieve daily evapotranspiration and Rn, H, LE and EF for three cases:
one for the best scenario, one for the poorest and one medium,
where the absolute errors were estimated from the albedos (αREF

and αBRDF).
4. Intercomparison between results obtained from αREF and αBRDF

4.1. Albedo comparison

Fig. 3 shows the angular variability for each αBRDF and αREF AHS
image acquired between 9 and 10 UTC. The first three images
(9:04, 9:11 and 9:21) were acquired along the solar plane, while
the others were acquired along the orthogonal plane. In this paper
we have followed the Roujean et al. (1992) notation where negative
VZA are located in the backward scattering direction and positive
values are located in the forward scattering direction.

At first glance, the VZA shows strong influences on αREF while not
showing any on αBRDF. Considering first the solar plane direction, αREF

decreases with an increase in VZA. Regarding the orthogonal plane,
the angular effect presents the highest influence onαREF at 9:54, show-
ing similar (or slightly lower) albedo values thanαBRDF for high VZA (in
absolute magnitude), which increases with a pronounced slope up to
maximum values around 35°, which coincides with the solar zenith
angle at that flight overpass time. A possible reason for this might be
the hot spot effect, which consists of a peak in reflectance obtained
when sun and view directions coincide with the backward scattering
(Breon et al., 2002). The hot spot effect is also noticeable at 9:39
where the VZA at the center of the image was −40°. However, in this
case, the surface reflectance decreases as the VZA approaches nadir. In
the case of the image at 9:46 (+40°), each VZA belongs to the forward
scattering direction, consequently, we do not observe any hot spot ef-
fect and there is a continuous decrease in the surface reflectance as
the VZA increases. However, at 10:01 UTC, the VZA was close to Nadir
and αREF is least dependent on the VZA at this point. The plot including
all the images shows the significant influence of VZA when its values



Table 2
Statistics for αBRDF and αREF for each AHS images following VZA and overpass time.

αBRDF αREF αBRDF − αREF

UTC hour VZA (°) Mean Mean Bias Stddev RMSE

9:04 40 0.15 0.21 −0.06 0.03 0.07
9:11 0 0.16 0.20 −0.04 0.03 0.05
9:21 57 0.16 0.19 −0.03 0.05 0.05
9:39 −40 0.17 0.27 −0.10 0.05 0.11
9:46 40 0.17 0.15 0.03 0.05 0.05
9:54 −57 0.17 0.24 −0.07 0.08 0.10
10:01 0 0.18 0.19 −0.015 0.03 0.04
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rise above 35°, in the case of αREF, a clear overestimation (or underesti-
mation) of this parameter compared to the albedo derived from BRDF
integration can be clearly seen.

As an example, Fig. 4 shows the linear comparison between αBRDF

and αREF, in addition to the spatial variability of the images at 9:39
and 10:01 UTC. As observed in Fig. 3, the highest error can be seen
for the image at 9:39 UTC, which shows an RMSE of 0.11 and a
clear overestimation of the albedo. The minimum differences were
obtained for the VZA near the nadir (10:01 UTC), where an RMSE of
0.04 was achieved, although the albedo was slightly overestimated
mainly on the borders, where the VZA showed higher values due to
the high Field Of View (FOV) of the AHS sensor.

The statistics of each image are detailed in Table 2. Generally, the
broadband albedo shows higher values when using the reflectance av-
erage directly, than it does at the same magnitude estimated from the
BRDF integration, thus leading to negative bias. When focusing atten-
tion on the mean values, αBRDF shows lower values thanαREF, and sim-
ilar values when comparing each image. With reference to the bias, we
get negative values in almost each case (albedo overestimation when
considering αREF) with the exception of the image at 9:46 UTC
(+40°), which coincides with the highest VZA in the forward scatter-
ing. This may be a consequence of the shadowing effect, which reduces
the surface reflectance values in this direction.

When taking all the images into account, bias is equal to−0.07with
a RMSE of 0.07. It supposes a Relative RMSE of about 39% representing a
clear error sourcewhen the albedo is approximated to aweighted aver-
age of the surface reflectance. However, as analyzed in previous figures,
the highest errors correspond to VZA higher than 35°. Therefore, the
Lambertian assumption can be considered in case of sensors with re-
duced FOV and in case of near to nadir observations.

4.2. Net Radiation

The angular effects on net radiation estimation are presented in
Fig. 5. Onemarked feature is that the highestRn belongs towater bodies.
In addition, the lowest values are characterized by bare soil with sparse
Fig. 4. Broadband surface albedo derived from reflectance and the Liang equati
vegetation cover. If we compare each albedo result, the image at 9:39
shows a clear underestimation in net radiation for high VZA when the
αREF is used. However, there is no significant difference in Rnmagnitude
at nadir by using both αBRDF or αREF. In this case, αREF shows a slight
overestimation in vegetated fieldswhile clearly underestimatingwithin
the case of bare soils located on the left side of the image (backward
scattering direction).

Table 3 shows the statistical results for each Rn estimated image.
Analogously to the albedo statistics, the mean value of Rn for each
image derived using αBRDF shows less standard deviation than the
results for αREF. Generally, using αREF underestimates Rn showing
positive bias in each flight with the exception of the image at 9:46
(+40°), which may be due to αREF underestimation (shadowing ef-
fect). The highest bias and RMSE is obtained for the 9:39 and 9:54
images, which include the hot spot effect. The RMSE ranges from
30 to 85 W m−2, which implies a relative error from 6 to 17%.
Generally, the Lambertian assumption leads to an underestimation
of 31 W m−2 and a RMSE of 57 W m−2.

4.3. Ground heat flux

In Fig. 6, we observed lower G values using αREF instead of αBRDF,
mainly in bare soils with sparse vegetation. In addition, when com-
paring the image at 9:39 to the one at 10:01, slightly lower values
on (left) and the BRDF integrals (Right) for each AHS overpass flight hour.
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Fig. 5.Net radiation using the albedo estimated from the reflectance (left) and the BRDF (right) for each AHS overpass flight hour. Images presented for hot-spot (−40°) and Nadir VZA angles.
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are obtained using either αREF or αBRDF. Nevertheless, no high differ-
ences were observed on Rn estimated from αREF or using αBRDF. This
can be attributed to the equation used for estimating G, because
Eq. (3) (derived by Clothier et al. (1986)) considers G to be equal
to the net radiation multiplied by a term that includes the ratio be-
tween the Near Infrared and the Red surface reflectance. Differences
between G estimations and G measured in-situ (Fig. 6) could be ex-
plained by the low sensitivity of the NIR/IR ratio to capture local
variations of litter, soil moisture and soil texture. In a first approx-
imation, the ratio between the reflectances should minimize the
angular effects. However, rationing of the NIR and red spectral
bands does not remove surface anisotropy due to the spectral de-
pendence of the BRDF response (Gutman, 1991; Roujean et al.,
1992). Therefore, when multiplying this term by Rn, this ratio
angular dependency may minimize Rn estimations. Nevertheless,
at daily level G can be assumed close to zero (Gomez, Olioso, Sobrino,
Table 3
Statistics of Rn for each AHS images following VZA and overpass time.

αBRDF αREF αBRDF − αREF

UTC hour VZA (°) Mean
(W m−2)

Mean
(W m−2)

Bias
(W m−2)

Stddev
(W m−2)

RMSE
(W m−2)

9:04 40 460 418 43 24 49
9:11 0 487 457 30 24 39
9:21 57 505 485 21 35 41
9:39 −40 490 413 77 35 85
9:46 40 536 557 −20 37 42
9:54 −57 540 484 56 65 85
10:01 0 524 511 12 27 30
Total 31 48 57
& Jacob, 2005; Seguin & Itier, 1983), so errors on G estimation do not af-
fect to estimations of daily ET.

4.4. S-SEBI diagram

In the S-SEBI algorithm, the evaporative fraction is obtained from
the Surface Temperature and Albedo diagram. Fig. 7 shows the
scatter-dispersion between αREF and αBRDF against LST. Analogously
to the previous figures, we present the plots for only two images,
9:39 UTC (−40° VZA) and 10:01 UTC (0° VZA). Each image include
some pixels of water bodies with minimum values of LST and mini-
mum albedo values located at the bottom of the wet boundary.
9:39 UTC shows high variability of the αREF albedo ranging between
0.15 and 0.45. In addition, we observe a lower range of αREF values,
fluctuating from 0.15 to 0.35 during the nadir pass at 10:01, showing
a high pixel frequency around 0.2. However, despite the 9:39 UTC
image's high variability, Hmax presents similar fitting values and the
LETmax linear fitting parameters are slightly modified. Centering at-
tention on the LST-αBRDF diagrams, the albedo shows less variability
than αREF, ranging from 0.1 to 0.25 in both images. This low albedo
variation is due to the low heterogeneity of land cover types along
the main area during this time period. Furthermore, Hmax presents
a slightly different slope when comparing the 9:39 to 10:01 UTC im-
ages when using αBRDF, while its intercept as well as LEmax linear fit
parameters show similar results.

Table 4 shows the linear fit parameters of all the LST-albedo dia-
grams and the mean and standard deviation of each parameter. Com-
paring αREF to αBRDF results, we obtain similar average of Hmax

parameters, while LEmax shows different values. In fact,αREF leads to sig-
nificantly higher slopes than αBRDF. The table shows similar standard
deviation for each parameter, although in the case of αLE when using
αBRDF corresponds to a much lower average than αREF. When we com-
pare each flight, H presents the highest difference at 9:54 UTC, when
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Fig. 6. G estimations using the albedo estimated from the reflectance (left) and the BRDF (right) 9:39 and 10:01 images (hot-spot (−40°) and Nadir VZA angles).
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nominal VZAwas−57° in the orthogonal plane and LE shows themax-
imum difference at 9:04 and at 9:21 UTC whose corresponding VZA
were 40° and 57° in the solar plane respectively.

The results from the table analysis regarding H parameters show
similar results (on average), independently of the approximation con-
sidered. Hmax linear fit represents areas with low soil moisture content,
such as bare soil, fallow land and barren areaswhere the increase in sur-
face albedo leads to a decrease in surface temperature. In contrast, LEmax

corresponds to areas where the increase in albedo leads to increase in
temperature. These areas represent irrigated fields where all the energy
provided by the increase in temperature is employed in the evaporation
process. Results show that they had the most significant changes when
considering αREF instead of αBRDF.

4.5. Evaporative fraction (EF)

In order to evidence the angular influences on the EF, Fig. 8 shows
the EF estimated at 40° and nadir. Basically, no strong differences are
observed between the EF calculated using αBRDF and αREF. In fact, as
seen in Table 4, these images do not represent significant differences
between Hmax and LEmax parameters. We observe a slight increase in
EF in barren areas when comparing 9:39 to 10:01 UTC images both
from αBRDF and αREF. Additionally, EF shows slightly lower values
in vegetated areas at 10:01 UTC using αREF or αBRDF.

4.6. H, LE and daily evapotranspiration

Fig. 9 showsH estimation for observation angles close to nadir and at
−40°. We observe a slight underestimation when αREF is used for the
9:39 UTC image. However, this underestimation is more evident in the
cover types with sparse vegetation. This effect is also observed in the
case of the near nadir image but there is less difference than using
αREF. When comparing the 9:39 image to the 10:01 UTC image, H
showed stable values when using αBRDF. However, in the case of αREF,
the near to nadir image presents slightly lower H values for bare soils
and slightly higher values for vegetatedfields than for 10:01UTC image.

In the case of LE images (Fig. 10), crops with denser vegetation
present higher values of latent heat when using αBRDF both at 9:39
and at 10:01 UTC. This suggests that usingαREF to obtain LEmay under-
estimate the latent flux over dense crops. In barren areas, αREF leads to
slightly higher values thanαBRDF, although this is more obvious at 9:39
UTC. LE shows stable values using both αBRDF and αREF.

Finally, Fig. 11 shows daily ET images. The αREF leads to ET underes-
timation in the case of vegetated areas and overestimation in barren
areas when compared to αBRDF at 9:39 UTC, while presenting similar
values at 10:01 UTC (near nadir image). Comparing the 9:39 and
10:01 UTC images, we obtained stable values when using αBRDF, while
αREF shows values that are higher and more similar to αBRDF at 10:01
UTC. These results show that remotely sensed data acquired with VZA
higher than 35°–40° can lead to wrong ET values when the Lambertian
assumption is used to derive the surface albedo.

Tables 5, 6 and 7 summarize the statistical results for H, LE and daily
ET estimations for all available image acquisitions. ForH,αREF underesti-
mates this value on each flight, obtaining an overall bias of 29 W m−2

with respect to αBRDF. Additionally, the mean value for each flight
shows a higher amplitude than when using αBRDF. The greatest differ-
ence between using αREF instead of αBRDF corresponds to the 9:21 UTC
image (57° in the solar plane), which leads to an error of 53 W m−2.
The RMSE for each image ranges between 29 and 53Wm−2, which im-
plies a relative error from 23% to 39%. The total RMSEwhen using all im-
ages is 38 W m−2. This value supposes a relative error of 30%.

For the case of LE, these results show less difference between αREF

and αBRDF with RMSE from 13 to 37 W m−2 (relative errors between
6 and 18%). We obtained a total bias of 2 W m−2 and a RMSE of 24
W m−2, which implies a relative error of 12%. Finally, no significant
differences are observed in daily ET average values through the images
with the exception of the flights at 9:21 and 9:46 UTC (57° in the solar
plane and 40° in the orthogonal plane respectively), where αREF
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Fig. 7. Albedo–surface temperature relationship for the S-SEBI model for 09:39 UTC and 1001 UTC, representing the hot-spot and the Nadir VZA. Plots are alos indicating the upper and
lower boundaries according to wet and dry surface assumptions. Each baseline was obtained using 5000 classes. Left column uses the albedo derived from reflectance and right column
the albedo by using the BRDF.
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overestimates the average ET. The total RMSE for each image shows
values ranging from 0.23 to 0.66 mm day−1 which means a relative
error from 5% to 15%. Generally, when taking all the flights into consider-
ation, daily ET images present a general bias of−0.10mmday−1 (higher
ET values using αREF instead of αBRDF), a standard deviation of
0.38 mm day−1 and an RMSE of 0.4 mm day−1.
5. Comparison with in-situ data

5.1. Wheat meteorological tower

Fig. 12 shows the comparison of Rn, albedo and ground flux on the
wheat field where the meteorological station was placed. We did not
Table 4
Linear fit parameters of every LST-albedo diagram, mean and standard deviation.

UTC
hour

VZA (°)
center

aH (K) bH (K) aLE (K) bLE (K)

αREF αBRDF αREF αBRDF αREF αBRDF αREF αBRDF

9:04 40 −51.8 −38.9 328 321 37.9 2.0 286 294
9:11 0 −42.9 −25.3 327 320 31.2 19.9 288 291
9:21 57 −39.7 −42.0 328 324 64.1 15.3 282 290
9:39 −40 −25.6 −21.5 329 324 36.5 29.1 287 292
9:46 40 −15.0 −36.1 321 325 43.3 18.8 287 290
9:54 −57 −9.1 −56.0 324 332 52.5 52.2 281 282
10:01 0 −25.8 −23.0 328 325 37.6 29.3 289 292
Mean −30.0 −34.7 326 324 43.3 23.8 286 290
Stddev 15.5 12.4 3.0 4.0 11.3 15.6 3.0 4.0
evaluate LE, H and EF in this pixel since the flux tower did not have a
Bowen station.

The surface broadband albedo shows good results both in the solar
and in the orthogonal plane with an RMSE of 0.01 when considering
αBRDF, and 0.03 when using αREF. The main source of error in the case
of αREF occurs when the VZA is equal to 35° in the orthogonal plane
and the backscattering direction, which coincides with the hot spot ef-
fect. We do not observe significant differences between αREF and
αBRDF regarding the other VZA.

In the case of net radiation, in-situ measurements present similar
magnitudes to airborne Net Rnwhen using αBRDF, leading to an RMSE of
12Wm−2. Moreover, Rn using αBRDF do not present any angular depen-
dency. In the case of Rn fromαREF, a high underestimation is observed for
VZA equal to 35° in the orthogonal plane and the backscattering direction,
which generates the maximum bias of about 60 W m−2 (Rn(in-situ) −
Rn(αREF)). This must be a consequence of the albedo overestimation in
this VZA due to the hot spot. In the case of αREF, the RMSE is 27 Wm−2.

Finally, the soil heat flux evaluation does not present any notice-
able difference when αBRDF or αREF was used to compute this flux
magnitude. Both G estimations present similar RMSE (around 41
and 40 W m−2 for αBRDF and αREF respectively) with a high bias
(−40 and−39 Wm−2 respectively) along the solar and orthogonal
plane. The airborne data overestimation may have two different error
sources: the Clothier et al. (1986) algorithm and the accuracy of in-
situ measurements. First, this algorithm has been analyzed in previous
works, such as Payero, Neale, and Wright (2005) where they obtained
an RMSE of 37.4Wm−2 in awheat field, which is very similar to our re-
sults. Secondly, the instrument used to measure G was the HFP01SC
heat flux plate whose nominal accuracy is ±3 W m−2. However,
Sauer, Meeka, Ochsnerb, Harrisc, and Hortond (2003) evaluated six

image of Fig.�7


Fig. 8. EF using the albedo from the REF (left) and BRDF (right) at Nadir (VZA = 0°) and VZA = 40°.
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types of commercially available heat flux plates with varying thickness,
surface area, and thermal conductivity. Their results showed that the
flux plates underestimate G in the dry sand by 2.4 to 38.5%. In order to
Fig. 9. H (W/m2) from αREF (left) and from αBRDF (
improve soil heat flux plate measurements, they need to be corrected
for heat stored above the soil heat flux plates, although for this study
such measurements were not available.
right) at near to nadir VZA and VZA = −40°.

image of Fig.�9
image of Fig.�8


Fig. 10. LE (W/m2) from αREF (left) and from αBRDF (right) at near to nadir VZA and VZA = −40°.
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5.2. Barley eddy covariance tower

Fig. 13 presents the comparison for albedo and Rn on the barley field
where the eddy covariance and meteorological station were placed.
Fig. 11. Daily ET (mm) images from αREF (left) and αB
ComparingαBRDF to in-situ measurements, the surface broadband albe-
do shows good results in the orthogonal planewhile showing a constant
bias of 0.04 and an airborne underestimation in the solar plane. αREF

shows a high angular variability both in the solar and orthogonal
RDF (right) at Nadir (VZA= 0°) and VZA = −40°.
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Table 7
Statistics of daily ET for each AHS image following VZA and overpass time.

ETd(αBRDF) ETd(αREF) ETd(αBRDF) − ETd(αREF)

UTC
hour

VZA (°) Mean
(mm)

Mean
(mm)

Bias
(mm)

Stddev
(mm)

RMSE
(mm)

9:04 40 4.28 4.18 0.10 0.36 0.37
9:11 0 4.38 4.47 −0.09 0.25 0.27
9:21 57 4.51 5.04 −0.53 0.39 0.66
9:39 −40 3.94 3.69 0.25 0.32 0.41
9:46 40 4.68 5.03 −0.36 0.24 0.43
9:54 −57 4.47 4.46 0.01 0.23 0.23
10:01 0 3.87 3.99 −0.12 0.23 0.26
Total −0.10 0.38 0.40

Table 5
Statistics of H for each AHS image following VZA and overpass time.

H(αBRDF) H(αREF) H(αBRDF)–H(αREF)

UTC
hour

VZA (°) Mean
(W m−2)

Mean
(W m−2)

Bias
(W m−2)

Stddev
(W m−2)

RMSE
(W m−2)

9:04 40 143 117 26 20 33
9:11 0 141 111 30 17 34
9:21 57 136 93 42 32 53
9:39 −40 150 118 31 22 38
9:46 40 127 106 21 20 29
9:54 −57 135 106 29 29 40
10:01 0 150 125 25 25 36
Total 29 25 38
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plane. It is highly overestimated in the backscattering direction while
being similar to in-situ measurements in the forward scattering direc-
tion and VZA lower than 40° in the solar plane. The total RMSE is 0.03
when considering αBRDF and 0.05 when using αREF.

In the case of net radiation, in-situ measurements present similar
magnitudes to airborne Rn when using αBRDF in the orthogonal
plane, while airborne measurements overestimate the Rn by around
20 W m−2 in the solar plane. In the case of Rn from αREF, an angular
variability is observed leading to a high underestimation in the or-
thogonal plane. In the case of the solar plane, Rn is underestimated
for VZA lower than 40° while it is overestimated in the case of 50°
VZA. The total RMSE is 24 W m−2 for αBRDF and 58 W m−2 for αREF.

Net radiation and albedo can be directly compared to pixel values
from AHS images, while for turbulent fluxes comparison (LE and H),
footprint theory should be used. In fact, the footprint of a turbulent
flux measurement defines the source areas of the measured vertical
fluxes, which can be estimated with different footprint models (Hsieh,
Katul, & Chi, 2000; Kljun et al., 2004; Schmid, 1994). In this study, a
two-dimensional footprint model is used (Detto, Montaldo, Alberston,
Mancini, & Katul, 2006) based on the original one-dimensional model
of Hsieh et al., 2000. It is defined as:

f x; y; zmð Þ ¼ 1

k2x2
ffiffiffiffiffiffiffiffiffiffiffiffi
2πσy

q DzPu Lj j1−Pe
−DzPu Lj j1−P

k2x

� �
e
−0:5 y

σy

� �2

ð17Þ

where L is the Obukhov length, D and P are similarity constants for un-
stable, neutral and stable atmospheric conditions, x is the footprint in
the upwind direction, k is von Karman's constant, σy is the standard de-
viation of the cross wind direction and zu is a length scale expressed as

Zu ¼ Zm ln
Zm

Z0

� �
−1þ Z0

Zm

� �
ð18Þ
Table 6
Statistics of LE for each AHS image following VZA and overpass time.

LE(αBRDF) LE(αREF) LE(αBRDF)–LE(αREF)

UTC
hour

VZA (°) Mean
(W m−2)

Mean
(W m−2)

Bias
(W m−2)

Stddev
(W m−2)

RMSE
(W m−2)

9:04 40 199 194 5 17 17
9:11 0 201 200 2 13 13
9:21 57 206 217 −11 36 37
9:39 −40 191 191 0 15 15
9:46 40 215 204 11 23 25
9:54 −57 205 202 3 29 29
10:01 0 192 186 6 16 17
Total 2 23 24
So H, LE and ET maps from AHS images are integrated as a weighted
sum over the station source area in order to be comparable to ground
data.

F ¼

Xn
i¼1

f xi; yi; zmð ÞF xi; yið Þ

Xn
i¼1

f xi; yi; zmð Þ
ð19Þ

where i is the position of a pixel in an image, F is the flux value in each
pixel and F is the average flux in the footprint area. Regarding turbulent
fluxes comparison, Fig. 14 showsH, LE and daily ET in comparison to in-
situ data.

Sensible heat fluxes computed using bothαREF and αBRDF are clearly
underestimated with respect to ground data in the solar plane at 20° in
the orthogonal plane. Backward scattering at 50° in the orthogonal
plane images lead to good results when using αBRDF. Nevertheless,
ground data should be considered with caution as one can notice the
sudden increase of H by almost 100 W m−2 at 10:01, which is closely
linked to atmospheric turbulence. Finally, taking into account all acqui-
sitions,H presents an RMSE of 88.7Wm−2 when usingαREF and 79.6W
m−2 when considering αBRDF.

For latent heat flux, both estimations from AHS images are in good
agreement with in-situ measurements with an RMSE of 40 for αREF

and 49.1 W m−2 for αBRDF. LE in the solar plane for VZA lower than
40° is clearly overestimated, which is probably related to the way that
the S-SEBI model estimates the EF and therefore the LE.

6. Error analysis

The results of the error propagation analysis are shown in Table 8. In
all these cases, the albedo ranged between 21.4%, 43.3% and 65.4%.
These variations affect the relative error on net radiation about 4.9%,
9.9% and 14.8% respectively. The ground flux varied in the same propor-
tion than the Rn, since it was estimated using this parameter. In case of
the evaporative fraction, the relative errors between 8.8 and 22% were
obtained at low and high variations respectively. The relative error in
daily ET for the best, poorest and medium cases were 13%, 37% and
25% respectively. Clearly instantaneous and daily ET is highly dependent
on error propagation,which should therefore be kept inmindwhen try-
ing to improve the accuracy of ET estvon Karman's constant, σy is the
standard deviation of the cross wind direction andimation.

7. Discussion

Surface broadband albedo is crucial for obtaining reliable estima-
tions related to land surface fluxes, specifically when different methods
are used with the available information. Results demonstrate that sur-
face broadband albedo derived fromBRDF integration has better perfor-
mance than surface reflectancedoes. This latter approximation iswidely



Fig. 12.Wheat field surface broadband albedo, net radiation (Wm−2) and soil heat flux (Wm−2) time series comparison for each VZA differing between solar and orthogonal planes.
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used in research without any constraint on its influence on land surface
flux results.

The S-SEBI method was developed using a single area of a Landsat
scene, so that non broadband albedo using the surface albedo
from BRDF integration could be tested beforehand. The influences
on S-SEBI, mainly on the evaporative regime, are highly relevant
whenever αBRDF or αREF are used. However, in the radiative regime,
the influences of αBRDF or αREF were not easy to demonstrate.

Using error propagation analysis, the influence of αBRDF or αREF

on daily evapotranspiration ranges between 13 and 37%. These re-
sults represent a relative error in the surface broadband albedo of be-
tween 21% and 60%. In fluxes (Rn, H and LE), the error ranges
between 9% and 20%. Therefore, angular influences on surface flux,
mainly in evapotranspiration, have to be taken into account for accu-
rate results. These results lead to an error in daily evapotranspiration
of about 1 or 2 mm d−1. Similar results were presented in Gomez et al.
(2005), who retrieved similar impact on daily evapotranspiration using
airborne images. Other similar results were evidenced in Verstraeten
et al. (2005), where the variation in daily evapotranspiration was esti-
mated using satellite images at coarse spatial resolution.

Despite the fact that surface albedo can affect net radiation and
therefore daily evapotranspiration, the results can be smoothed by
using S-SEBI. This method was shown to be a simpler method, one
that is not problematic in terms of evapotranspiration retrieval accu-
racy (Sobrino, Gómez, et al., 2005). In fact, computations from SEBAL
or similar models need to determine roughness length, which is a
difficult task, and no classical remote sensing method has been prov-
en to be accurate enough for retrieving this variable well (Gomez
et al., 2005).

S-SEBI uses the relative diagram temperature–albedo to estimate
the radiative and evaporative regimes. This approach can be consid-
ered a potential strength of this method, which can be used in different
cover terrains and at different spatial scales. However, the relative basis
of S-SEBI may neglect the real influences of albedo estimation over LE
and H, instead of the influences of albedo over the Rn, whichmay be di-
rectly related to albedo. It seems thatmore analysis is needed in order to
analyze in detail the real potential and drawbacks of the S-SEBImethod.

Remote sensing based ETmodels are currently most suited for the
estimation of ET at both field and regional (basin) scales (Gowda,
Chavez, Colaizzi, Evett, Howell, & Tolk, 2008). While field scale ET
measurements are mostly produced from high to medium resolution
satellite data (e.g. ASTER or Landsat), regional (basin) scale measure-
ments are produced from coarse resolution satellite data such as
MODIS (Velpuri, Senay, Singh, Bohms, & Verdin, 2013). ET products

image of Fig.�12


Fig. 13. Barley field surface broadband albedo and net radiation (W m−2) time series comparison for each VZA differing between solar and orthogonal planes.
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and estimates have been extensively validated at field scale using
point measurements. However, the basin scale validations have not
been extensively performed because the advances in estimating ET
accurately at the basin or region scale (for validation) are still rather
limited (Oudin et al., 2005). The results presented in this paper can
be useful for local field experiment where high resolution
Fig. 14. Barley field sensible heat flux (W m−2) and latent heat flux (Wm−2) time
hyperspectral images are involved. Indeed, the aggregation or disag-
gregation procedure may be influenced when using ASTER or
Landsat images, where the surface broadband albedo was computed
to estimate the evaporative or radiative regime. In these cases, the sur-
face broadband albedo will separate the S-SEBI diagram and therefore
the evapotranspiration value will be differentiated. On the other hand,
series comparison for each VZA differing between solar and orthogonal planes.
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Table 8
Error analysis assuming Rg, Tair and Cdi invariant magnitudes.

Albedo Rnet G EF LET ET_dia

[−] [W m−2] [W m−2] [−] [W m−2] [mm d−1]

Low Absolute Values 0.165 689 178 0.567 290 4.34
Absolute Errors 0.035 33.6 9.2 0.050 39.3 0.59
Relative Errors [%] 21.4% 4.9% 5.1% 8.8% 13.6% 13.6%

Medium Absolute Values 0.165 689 178 0.567 290 4.34
Absolute Errors 0.072 68.0 18.2 0.088 72.9 1.10
Relative Errors [%] 43.3% 9.9% 10.2% 15.4% 25.2% 25.3%

High Absolute Values 0.165 689 178 0.567 290 4.34
Absolute Errors 0.108 102.3 27.3 0.125 106.6 1.60
Relative Errors [%] 65.2% 14.8% 15.3% 22.1% 36.8% 36.9%
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for the case of MODIS, the basin scale can avoid the influences of the
broadband albedo in the S-SEBI model. So, the applicability of this
work to basin scale estimation is limited to whether physical downscal-
ing methods are not applied.

Finally, angular effects on emissivity and/or LST can induce a possi-
ble bias in the S-SEBI diagram. In this work normalization of view
angle effects on these two parameters was not considered, and TES re-
trievals refer to the value for a given pixel view angle. On the other
hand, the emissivity term involved in the net radiation estimation
(Eqs. (8) and (9)) is a broadband and hemispherical term, whereas in
this paper a simple mean emissivity (averaged band surface emissivi-
ties)with no hemispherical integrationwas used. Analysis of angular ef-
fects on LST/emissivity and possible impacts on ET retrieval using the S-
SEBI method requires further research. However, it is expected that
these angular effects have a low impact on the ET retrieval, at least
using the S-SEBI method and in comparison to the angular effects on
surface albedo. For example, angular measurements carried out over
the Barrax test site show an angular variation between nadir and 50°
over bare soil of 0.7% (Cuenca & Sobrino, 2004), whereas angular varia-
tions estimated with a variety of directional models for mixed surfaces
(soil and vegetation) are even lower, especially for surfaces with high
Leaf Area Index (LAI) or Fractional Vegetation Cover (FVC) values
(Sobrino, Jiménez-Muñoz, et al., 2005).

8. Conclusion

In this work, the angular influences on surface fluxes have been
assessed. Using angular airborne images, the surface broadband albedo
was retrieved by BRDF integration and by using the approximation of
the equivalence to surface reflectance. The influence on the surface al-
bedowas revealed for angles greater than 40°. Based on in-situ compar-
ison, the surface reflectance approximation showed values even three
times higher than the surface albedo derived from BRDF integration.
The sensible heat flux, the latent heat flux and the daily evapotranspira-
tion showed relative errors ranging between 23–39%, 6–18% and 5–15%
respectively. Using the surface albedo instead of the surface reflectance
improves the estimation of other flux variables such as net radiation,
sensible and latentflux, evaporative fraction and it even affects the scat-
ter distribution in the S-SEBI algorithm. Further studies are necessary to
accuracy of S-SEBI for estimating daily evapotranspiration over other
land surface covers by using different methods to estimate the surface
albedo using BRDF methods. In a second part of this study, we will ad-
dress the angular effects on surface emissivitywith a focus on the impli-
cations for ET retrieval using the S-SEBI algorithm.
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