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ABSTRACT

The main objective of this study was to demonstrate the ability of the instantaneous measurements of
the evaporative fraction (EF) to estimate the average daily EF and apply the remote sensing algorithm
(SEBAL - Surface Energy Balance Algorithms for Land) to obtain the regional distribution of the
instantaneous EF in the Semi-arid region of Brazil. The results show that cloudiness is not related
to stability of EF and that the correlation between the diurnal stability of EF and the meteorological
parameters have shown weak correlation on cloudy days, and strong correlation with the vapor
pressure deficit (VPD) on cloud free days. The EF derived from remote sensing data were compared
with the field measurements and presented absolute percent difference less than 12%, evidencing
the agreement between the SEBAL algorithm results and measured data, and showing that it is a
promising tool to provide estimates of the EF to obtain the evapotranspiration.
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RESUMO: ANALISES DA FRACAO EVAPORATIVA USANDO AS TECNICAS DAS
CORRELACOES TURBULENTAS E SENSORIAMENTO REMOTO

O principal objetivo desse estudo é demonstrar a capacidade de utilizar medidas instantdneas da
fracdo evaporativa (FE), para estimar a FE média diaria e aplicar o algoritmo de sensoriamento
remoto (SEBAL - Surface Energy Balance Algorithms for Land), e para obter a distribui¢@o regional
da FE instantanea na regido Semi-arida do Brasil. Os resultados mostraram que a nebulosidade nao
esta relacionada com a estabilidade da FE, e que a correlagdo entre a estabilidade diurna da FE e
os parametros meteorologicos tem mostrado fraca correlagdo em dias nublados, assim como forte
correlagdo com o déficit de pressdo do vapor (DPV) em dias de céu claro. As FEs derivadas de
dados de sensoriamento remoto foram comparadas com medidas de campo e apresentaram diferenca
percentual absoluta menor que 12%, evidenciando a concordancia entre os resultados do algoritmo
SEBAL e os dados medidos, mostrando que é uma ferramenta promissora para prover estimativas
da FE para obter a evapotranspiragao.

Palavras-chave: Evapotranspiragdo, banana, semi-arido, SEBAL.
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1. INTRODUCTION

Estimates of evapotranspiration (ET) are of crucial
importance for climatic studies, weather forecasts, ecological
monitoring, hydrological surveys, and water resource
management (Bastiaanssen et al., 2000). Within the semi-arid
agricultural regions, where hydrological cycle is strongly
influenced by ET through crop water consumption, a precise ET
estimation is necessary for water use efficiency (Hoedjes et al.,
2008). However, in practice, continuous daily ET measurements
are rarely available (Farah et al., 2004). More recently, one or
more instantaneous measurements of ET have been used to
estimate daily total ET (Brutsaert and Sugita, 1992). There
has been a growing interest in this approach because of its
importance for remote sensing applications (Farah et al., 2004).
Remote sensing techniques offer means of estimating actual ET
at a large spatial scale, which is not possible with the traditional
point methods.

The fundamental problem in using remote sensing
techniques to estimate the ET in local and regional scales is
the scaling of instantaneous latent heat flux (LE) to daily ET,
because remotely sensed data, in general, are provided by
satellite or airborne platforms (Colaizzi et al., 2006). Chavez et
al. (2008) explain that in the use of satellite imagery there are
other important things to consider, such as the spatial resolution,
overpass frequency, cloud cover presence at overpass time, etc.,
which sometimes limits the application. Airborne platforms are
capable flying on cloud free days and at different elevations,
is a valuable tool for mapping ET at very high resolution on
a near daily basis (Chdvez et al., 2008). Many techniques
have been proposed to solve the surface energy balance from
remote sensing (Kustas and Norman, 1996; Bastiaanssen et
al., 1998; Roerink et al., 2000). However, remote sensing data
are instantaneous measurements and a method is required to
temporally integrate instantaneous estimates of ET.

The components of the energy balance display
considerable diurnal variation over land surfaces (Farah et al.,
2004). However, several ratios of the fluxes have been shown
to be relatively constant during daylight hours (Shuttleworth
et al., 1989; Bastiaanssen et al., 1998; Gentine et al., 2007).
More recently the evaporative fraction (EF) has been found
to have a little variation during daytime, although it is directly
related to Bowen ratio () (Crago and Brutsaert, 1996), the
diurnal behavior of EF can be understood from its relationship
with atmospheric conditions and surface characteristics. The
evaporative fraction is defined as:

LE LE 1

EF: = =
R -G LE+H 1+p

(M
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where LE is the latent heat flux, R, is the net radiation, H is the
sensible heat flux, and G is the soil heat flux.

The first paper that noticed the constancy of EF, during
daylight hours, was by Shuttleworth et al. (1989). They analyzed
data of 4 clear sky days over relatively homogeneous grasslands
and found that the midday EF is nearly equal to the average
daylight. Nichols and Cuenca (1993), using 72 days data,
showed that the midday EF was highly correlated with average
daytime EF, but that the midday and daytime EF are not equal
(Farah et al., 2004). Crago (1996a) used the data irrespective
of weather conditions of a particular day and concluded that
midday EF is significantly different from the average daytime
value, the reason being the concave-up shape of the diurnal
progression of EF. Crago (1996b) affirms that under clear sky
days, the steadiness and predictability of the daytime cycle of
radiation, heat, and humidity tend to cause the components of
the energy balance to vary rather slowly.

In addition, some simple ratios of energy balance
components, principally the EF, tend to have little variation
during the daytime. As cloud fields tend to be heterogeneous,
the available energy and rate of surface heating tend to fluctuate
erratically during the day under varying cloud cover, leading
to changes in the EF. Crago (1996b) still affirms that the
atmosphere is linked in a very complicated way to the land
surface, and a simple concept such as the conservation of the
EF is a convenient tool, rather than a physical principle. The
variability of EF is in fact due to a complex interaction of
radiative and cloud effects, and various feedback relationships
between land surface variables and atmospheric variables. Crago
(1996Db) affirmed that the constant EF hypothesis is surprisingly
robust. However, varying cloud conditions and proximity to
surface discontinuities or fronts may cause significant change
in the EF. In practice, remote sensing may help identify these
conditions (Crago 1996b; Chavez et al., 2008).

The purpose of this paper is to: 1) demonstrate the
ability of the instantaneous measurements of EF to estimate the
average daily EF in the semi-arid region of Brazil, and 2) apply
the remote sensing algorithm (SEBAL) to estimate the regional
distribution of the instantaneous EF using the combination of
Landsat 5 - TM observations and ground-based data by eddy
covariance measurements to validate the results.

2. MATERIAL AND METHODS
2.1 Site Description

The study area was located in the irrigation district of
Quixeré in Low Jaguaribe basin, Ceara/Brazil. The instruments

were installed in the Frutacor farm, with an approximate area
of 250 ha of banana crop (Musa sp.) located at 5°08°44”S,



Dezembro 2010 Revista Brasileira de Meteorologia 429

38°05°53”W and an elevation of 147.0 m, approximately. The
referred area is illustrated in the Figure 1. The spacing between
rows and plants was 4.0 m and 2.4 m, respectively. The plant height
was approximately 5.0 m, and the crop is irrigated by subsurface
drip irrigation. The area presents semi-arid climate, type BSw’h’,
according to the Kdeppen’s classification. Mean annual temperature
is 28.5°C, with the maximum and minimum annual temperatures
of 36°C and 22°C, respectively. The mean annual precipitation is
772 mm, based on monthly mean distribution for 25 years (1981
- 2006) registered at the Quixeré weather station; it is presented in
Figure 2 and the mean annual relative humidity is 62%.

2.2 Data and Methods
The data was collected during the period of October/2005

to September/2006, due instrumental and electrical problems
the number of days used in this study is 142. The climatic data

Table 1 - The instruments of eddy covariance system and weather station

was provided by an automatic weather station (106 Weather
Station, Campbell Scientific Inc., Logan, UT, USA) (Figure 3);
these data were used to obtain the reference evapotranspiration
(ET,) by combined FAO — Penman-Monteith method (Allen et
al., 1998). The net radiation (R,) was computed using the four
components (Equation 2) and acquired with a net radiometer
(model CNRI1, Kipp & Zonnen, Delf, Netherlands) installed at
7.0 m above the ground level and 2.0 m above the crop canopy
in the rows (Table 1). The soil heat flux (G) was measured with
two heat flux plates (model HFPO1SC-L, Campbell Scientific,
Inc., Logan, UT) at 2.0 cm depth (Table 1). Flux plates were
buried one between rows and the other between plants, because
the remote sensing techniques have been used to obtain the
spatial scale of the energy balance components. Thus, the values
of the G were obtained as the average of the two measurements
to represent different conditions inside the pixel. The R,, is given
by the expression:

Variables Instruments Heights
Eddv covariance svstem  Wind speed CSATS3 3D sonic anemometer 7.0m
Airtemperature humidity  HMP45C probe 7.0m
CO./H;O analyzer Licor 7500 7.0m
Soil heat flux HFPO1SC-L -2.0cm

Weather station Reference ET

T. Weather 106 Weather Station 2.0m

Figure 1 - Location of the Low Jaguaribe basin and the irrigation district of Quixeré.
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R =S

n solar Sref + Latm - Lsurface (2)
where S, is the global solar radiation, S,.is the reflected solar
radiation flux, L, is the incoming longwave radiation flux and
Lyyyface 18 the outgoing long-wave radiation flux (Tanaka et al.,
2008). The air temperature and relative humidity were measured
using a Vaisala HMP45C probe.

To obtain the turbulent flux measurements, the eddy
covariance (EC) system, composed of a fast-response open-path
infrared gas analyzer (model LI-7500, Licor, Inc., Lincoln, NE)
to measure CO, and H,O, coupled with a three-dimensional
sonic anemometer (model CSAT-3, Campbell Scientific,
Inc., Logan, UT), used to measure wind speed component
fluctuations, were installed at 7.0 m above ground level (Figure
4) (Table 1). Digital signals from these instruments were
recorded at 10 Hz and the averages were obtained at 30 minute
intervals using a Campbell Scientific CR23X datalloger, where
the data were stored for later processing (Figure 4).

Giolia et al. (2004) affirm that this technique provides a
unique opportunity to measure the surface energy fluxes directly.
The use of this technique is problematic when the gradient of
the specific humidity, and thus the latent heat flux, is very small
(Kalthoff et al., 2006). The EC technique measures the turbulent
fluxes by measuring the fluctuations around a long-term mean,
and the sensible heat flux has been calculated according the
following equation (Twine et al., 2000):

H=p,c,WT' ®)

and the latent heat flux using the equation:

— ’ ! 4
LE=p,c,Wq “4)
180
160
140
120 1
E
£ 100
c
S
3 80 4
a
S 60 1
g
% 40
20 1
0,
zZ s} o 14 > =z = (O] o = > O
w < =) w (&}
S E$ % 233263828
M

onth

Figure 2 - Distribution of the monthly averages of the precipitation
in Quixeré (1981 —2000).
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where the overbar in the Egs. (3) and (4) denotes the
time average, in general, of 30 min, p is the air density
(kg m?), w’ the vertical wind speed fluctuation (m s™),
T’ the air temperature fluctuation (°C), ¢’ the specific
humidity fluctuation (deviations from the time average),
and L is the latent heat of water (2.508x10° J kg™).

To analyze the diurnal stability of EF, the standard
deviation of measured EF, between 7:00 and 17:00 h, was
obtained using the Equation 1. Farah et al (2004) analyzed
the relationship between the standard deviation of EF and air
temperature, relative humidity and the degree of cloudiness to
see if routinely collected weather station data could be used to
understand the diurnal stability of EF. The degree of cloudiness
is more accurately expressed as a shortwave transmittance (t)
(Farah et al., 2004):

7= S (5)
) ‘LTOA

where §, is the solar radiation and S 4 toais the solar radiation
on the top of the atmosphere which can be obtained based on
standard astronomical equations. To examine the effect of
cloudiness on the stability of EF, the daily average t values
were divided into three groups: cloudy (t < 0.5), partly cloudy
(0.5 <1 <0.65) and clear (t > 0.65) as defined in Farah et al.
(2004). Table 2 shows the behavior of the minimum, maximum
and average of standard deviation of EF for the three groups.

In this research, the relationship between the morning
EF (9:00 — 10:00) and daytime EF (7:00 — 17:00) (because the
time 9:00 — 10:00 is the Landsat 5 satellite overpass in the study
area) and the relationship between midday EF (12:00 — 13:00,
local time) and daytime EF were analyzed to evidence the daily
behavior of EF.

In the application of the remote sensing algorithm
(SEBAL), 3 images from TM Landsat 5 satellite (10/24/2005,

Figure 3 - Automatic weather station (ET106) installed within the study
area of the banana orchard, located in Frutacor farm, Quixeré/Brazil.
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01/28/2006 and 08/24/2006) with a total arca of 44,478.5 ha,
referring to the path 216 and row 64 were used. These images
have been used to process the intermediate parameters from
which surface energy flux components were estimated. In this
paper only three images covering the entire period were used for
the analyses. As the study area is located close to the equatorial
region, which presents a persistent cloud cover, very few cloud
free images have been available.

2.2.1 Remote Sensing Algorithm

Surface energy fluxes require energy inputs, moisture
conditions of soil and vegetation and surface microclimate
conditions (French et al., 2000; Melesse and Nangia, 2005).
Remote sensing has proven to provide the energy inputs through the
shortwave and longwave radiation and surface moisture conditions
of soil and vegetation at reasonable spatial and temporal scales
(Melesse and Nangia, 2005). The surface microclimate can be
obtained from the long-term meteorological observations.

The surface energy budget satisfying the law of conservation
of energy in the absence of horizontally advective energy can be
expressed as:

Figure 4 - Eddy covariance tower installed within the study area of the
banana orchard, located in Frutacor farm, Quixeré/Brazil.
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R =H+LE+G ©)

The Surface Energy Balance Algorithms for Land (SEBAL)
(Bastiaanssen et al., 1998) model utilizes remotely sensed data to
solve the Equation 6 by computing surface energy fluxes from
satellite images and weather data. Application details are given in
Bastiaanssen et al. (1998). The computation of R, for each pixel
uses albedo and transmittances obtained from shortwave bands
and longwave emission computed from the thermal band. The G in
these algorithms is determined through semi-empirical relationships
with R,,, surface albedo, surface temperature, and vegetation index
(Bastiaanssen et al., 1998; Bastiaanssen et al., 2000; Compaoré et
al., 2008; Teixeira et al., 2009a,b):

_T-273.16

G (0.0038¢ +0.0074c>)(1— 0.98NDVI*)R,

(M

where NDVI is the Normalized Difference Vegetation Index
computed from red and NIR bands, 7' (K) is radiometric surface
temperature computed from the thermal band using a modified
Planck equation, and a is the surface albedo.

The obtaining of H through of SEBAL algorithm needs
measurements of the wind speed at a known height and surface
temperature pixel by pixel using an internal calibration of
temperature difference of the air near the surface as described
by Bastiaanssen et al. (1998) and Tasumi et al. (2005):

— paircp(a—'_b];)

H (8)

rah

where p,;, is the humid air density (Kg m™), ¢, is the specific
heat of dry air at constant pressure (1005 Jkg'K™"), r,, is the
aerodynamic resistance to heat transport (s m™'), 7, is the surface
temperature (K) and @ and b are empirical calibration coefficients
obtained for each image. The term (a+bT;) (Bastiaanssen et al.,
1998) presented in Equation 8 is the temperature difference close
to the surface calculated between the 0.1 and 2.0 m heights.
The definitions of @ and b coefficients require choice of two
pixels, representing the extreme conditions of temperature and

Table 2 - Mean daytime and mean daytime standard deviation values of EF selected according to shortwave transmittance (t) in order to understand

the correlation between cloudiness and diurnal stability of EF

Number of Transmittance Mean EF  Mean standard Maximum Minimum
davs deviation of EF value of EF value of EF
26 1<0.50 0.63 0.086 0.122 0.054
97 050=1=0.65 0.59 0.088 0.153 0.039
15 1=0.65 0.56 0.076 0.108 0.044
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humidity, called the /ot and cold pixels, where the temperature
difference (d7) was calculated using the known values of H for
these cited pixels.

For the cold pixel, chosen over an irrigated area, H is
assumed to be zero and, consequently d7'= 0 and LE =R, — G.
The hot pixel was chosen over an area of bare soil, where LE =
0 and the H value is calculated from the difference H =R, — G
and dT = H 7 4/pai ¢, The initial values of H do not represent
adequately the real value of H for each pixel and serve only as
the initial parameters of an iterative process (Bastiaanssen et
al., 1998), in which the stability conditions are considered for
each pixel. To correct the buoyancy effect the similarity theory
of Monin-Obukhov, based in Monin-Obukhov length (L), is
applied and is presented in the following equation:

paircpuf]:v
kgH

L= 9)

where 1+ is the friction velocity (m s™), & is the von Karman constant
and g is the acceleration due to gravity (9.81 m s2), pixel by pixel,
obtained initially considering a neutral stability condition.

To identify the stability conditions it is necessary to analyze
the L values which are given as follows: if L <0, the atmosphere
is considered to be unstable; if L = 0 is considered neutral; and L >
0 is considered stable. Depending on the atmospheric conditions,
the values of the stability corrections, for the momentum transport
(v,,) and the heat transport (y;) must be considered as given in
Bastiaanssen et al. (1998). When the final sensible heat flux is
obtained, the LE is determined by solving the Equation 6. The
detailed technique for estimating latent and sensible heat fluxes
using remote sensing has been documented and tested in different
parts of the world, such as Europe, Asia, Africa, and Idaho in the
USA and proved to provide good results (Bastiaanssen et al., 1998;
Bastiaanssen et al, 2000; Melesse and Nangia, 2005; Melesse et
al., 2008).

In summary, the latent heat flux describes the amount of
energy required to maintain a certain crop evapotranspiration rate.
Surface albedo, surface temperature and vegetation index are
derived from satellite measurements and are used together to solve
R,, G and H. Surface temperature is an important parameter for
the computation of the sensible heat flux, H. The latent heat flux,
LE, is the residual term and is used to compute the instantaneous
evaporative fraction (EF,,):

LE
EF, =———0s (10)
inst R _
n_inst inst
The instantaneous EF is an expression to obtain the
evapotranspiration when the atmospheric moisture conditions are
in equilibrium with the soil moisture conditions (Bastiaanssen et
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al., 1998). As the evaporative fraction is temporally constant, the
difference between instantaneous EF at the moment of satellite
overpass and the EF derived from the 24-hour integrated energy
balance is marginal, and may be neglected.

3. RESULTS AND DISCUSSION

Studies have shown that evaporative fraction (EF) is
often nearly constant during the daytime. In this study the
standard deviation of measured EF between 7:00 and 17:00h
was used as an indicator of the diurnal stability of EF. The
mean standard deviation during the study period is 0.088 at an
average EF of 0.64 showing a coefficient of variation of 0.10.
The standard deviation varied between a minimum value of
0.036 and a maximum value of 0.088.

To examine the effect of cloudiness on the stability
of EF, the days were stratified according to the daily average
shortwave transmittance in three groups. The groups have
been defined as cloudy (t < 0.50), partly cloudy (0.50 > 1 <
0.65) and clear (t > 0.65). Table 2 shows the analysis of the
correlation between standard deviation of EF and the degree
of cloudiness. It is possible to identify that the mean EF and
mean standard deviation of EF for the three groups are almost
the same, indicating that cloudiness is not related to stability
of EF, evidencing the results found in Farah et al. (2004). The
effect of clouds on the diurnal cycle of EF has been studied
by several researchers. Sugita and Brutsaert (1992) affirm
that daytime changes in EF are due to changes in cloudiness.
Hall et al (1992) showed that variations in net radiation due to
cloudiness do not affect significantly EF. These disagreements
between studies show that diurnal variability of EF is a complex
phenomenon and other factors may exert influence on the
variations of EF which needs a careful analysis. The number of
days to the different groups, the mean standard deviation, and
the maximum and minimum values of EF are shown in Table
2. It is possible to identify that only 19 days were classified as
clear days which shows the problem of obtaining the cloud free
satellite images in the equatorial region.

An analysis of the relationship between the standard
deviation of EF and atmospheric conditions and surface
characteristics was undertaken to identify if routinely collected
weather data could be used to understand the diurnal stability
of EF. Table 3 shows the correlation coefficients (r) between
the diurnal stability of EF and the meteorological parameters
involved. These correlations have been modeled using
polynomial curves of order 2. The daily standard deviations
of EF showed weak correlation with the meteorological
parameters on cloudy days, presenting r values equal or lower
than 0.30. On cloud free days the results have presented higher
values. The available energy, relative humidity and vapor
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pressure deficit (VPD) showed r values of 0.51, 0.52 and 0.81,
respectively. It evidences that VPD has the best correlation
with the diurnal stability of EF in comparison with other
meteorological parameters. Thus, the stability of the diurnal
cycle of EF on cloudy days can not be adequately explained
by micrometeorological state variables only, while the VPD
explain 80% on cloudy free days.

The correlation between morning EF (9:00 — 10:00 h),
midday EF (12:00 — 13:00 h) and average daytime EF (7:00 —
17:00 h) are presented in Figures 5 and 6, respectively. The time
series of micrometeorological data, i.e. 142 days, were used to
obtain these results. There is a moderate correlation between
morning EF and daily EF (r = 0.75) and a strong correlation
between midday EF and daily EF (r = 0.82). The root mean
square errors (RMSE) are 0.06 and 0.05 for morning EF and
midday EF, respectively. The implication of these results for
remote sensing applications is that it is indifferent to obtain the
EF from satellites that have morning (between 09:00 and 10:00
h) overpass (for example, TM - Landsat 5 or MODIS - Terra) or
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afternoon (between 13:00 and 14:00 h) overpass (for example,
AVHRR - NOAA and Aqua - MODIS) because the results were
not very much different for the studied area. This result evidences
that the EF is relatively constant during the daytime hours.

The pattern of the seasonal variation of daytime EF is
presented in Figure 7. Each of the points represents the average
value of EF between 7:00 and 17:00 h. The seasonal variation
of EF is a reflection of the climate of the area. The EF varied
between 0.50 and 0.90, and these values do not present high
variability showing the constant behavior of EF in the studied
semi-arid region. The seasonal variation of EF is a consequence
of the climatic variables like rainfall and soil moisture. There
is an increase in the EF values and in its variability in the
beginning of 2006 (Figure 7) in response to the rainfall events,
while during the dry season (between the days of year 267 e
345) the values stayed between 0.50 and 0.70. It is possible
to identify that the seasonal progression of EF is gradual.
Thus, the implication of this for the monitoring of EF is that
it would be sufficient to measure EF in every 5-10 days to

Table 3 - Correlation between the daytime standard deviation of EF and meteorological parameters used to explain the diurnal stability of EF on

cloudy (123 days) and cloud free (19 days) days.

Meteorological parameters

r (cloudy days)

r (cloud free days)

Ajr temperature 0.22 0.28
Relative humidity 030 0.52
Wind speed 0.17 0.40
Available energy (Ry—G) 017 0.51
Transmittance 0.10 0.20
VPD 0.30 0.81
1.0 1.0
r=0.75 r=0.82
<038 T 08
I3 3
= =
g g
= =
L 0.6 - i 06
0.4 : : 0.4 : :
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0

EF (9:00 - 10:00 h)

Figure 5 - Correlations between daytime EF and morning EF for the
studied period (142 days).

EF (12:00 - 13:00 h)

Figure 6 - Correlations between daytime EF and midday EF for the
studied period (142 days).
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capture the seasonal evolution of EF. Interpolation between
the measurements can be done to estimate EF on days when
there are no EF measurements as proposed by Farah et al.
(2004) and Teixeira et al. (2009b). This result means that for
remote sensing programs processing of daily images is not
necessary to estimate the seasonal variations of EF, although
daily acquisition may be required to select the qualitative best
cloud free images for a given period.

The only available way to obtain ET mapping is to rely
on remote sensing data that now have both nearly continuous
spatial coverage and adequate temporal sampling using
different satellite or geostationary platforms. Different remote
sensing-based methods have been developed to estimate ET
using either empirical or physically based methods. Physically
based methods solve the energy balance at the land surface.
Often diurnal self-preservation of EF is used to make the
retrieval problem well-posed. Figures 8, 9 and 10 show the
spatial distribution of EF over the heterogeneous surface of

Volume 25(4)

the semi-arid region obtained by remote sensing algorithm
(SEBAL) for the days 10/24/2005, 01/28/2006 and 08/24/20006,
respectively.

The derived evaporative fractions in the three images
over the study area are in good accordance with the land
surface. These images cover the irrigated area and native
vegetation (Caatinga) with emphasis to banana orchard
(experimental site). It is possible to identify in these figures,
the irrigated areas like center pivot and rectangular plots with
higher values of EF, native vegetation presenting medium
values of EF, and bare soil showing lower values of EF. The
evaporative fractions derived from Landsat 5 - TM data were
compared with the field measurements, as presented in Table
4. The derived EF in the three different images over the study
area showed good agreement with the measured data. The
images for the days 10/24/2005, 01/28/2006 and 08/24/2006
presented absolute percent difference in comparison with the
measured values of 11.0, 3.0 and 3.3%, respectively. These

Table 4 - Comparison between measured EF by eddy covariance technique and estimated EF using remote sensing algorithm (SEBAL) to banana

orchard
Meteorological parameters r (cloudy days) r (cloud free days)
Ajr temperature 0.22 0.28
Relative humidity 030 0.52
Wind speed 0.17 0.40
Available energy (Ry—G) 0.17 0.51
Transmittance 0.10 0.20
VPD 030 0.81
0.90
L]
L]
0.80 * . .
= oo 0 .
8 0.70 . : o': * * * * %o EF
2 . A o) 0.00 - 0.19
C’) L] L] - hdad L] L] ° L] L] .. s ° 0 20 0 29
L] L] e o ’ . — V..
e . ° o0 . hd ®
E 060 ...-..c -.. -o :.' 4 .. e . * .- o : * 0.30-0.39
u et =, fe 0.40 - 0.49
0.50 1 y 0.50 - 0.59
0.60 — 0.69
T & e = A A 0.70-0.79
(=23 © o N w S o o (=} © N w S
S I © & ® 0.80 — 0.89
Day of Year (2005-2006)
0.90 - 1.00

Figure 7 - Behavior of the daily evaporative fraction (EF) during the
entire study period (142 days)

Figure 8 - Spatial distribution of instantaneous evaporative fraction
estimated by SEBAL, in 10/24/2005, to semi-arid region of Brazil,
with highlight to banana orchard area.
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EF
0.00 - 0.19
0.20 - 0.29
0.30 - 0.39
0.40 — 0.49
0.50 — 0.59
0.60 — 0.69
0.70 - 0.79
0.80-0.89
0.90 — 1.00

Figure 9 - Spatial distribution of instantaneous evaporative fraction
estimated by SEBAL, in 01/28/2006, to semi-arid region of Brazil,
with highlight to banana orchard area.

results evidenced the agreement between the SEBAL results
and measured data and as a sufficiently robust algorithm to
provide estimates of the EF to obtain the ET, being used mainly
for water management (Teixeira et al., 2009a).

4. CONCLUSIONS

This study is aimed to demonstrate the ability of the
instantaneous measurements of EF to estimate the average
daily EF, and apply the remote sensing algorithm (SEBAL)
to estimate the regional distribution of the instantaneous EF
in the semi-arid region of Brazil. The evaporative fraction has
been found from numerous observations to vary little during
the daytime. For the period of study, the analysis of the effect
of cloudiness on the stability of EF showed that cloudiness is
not related to stability of EF, agreeing with the results found
by Farah et al. (2004).

Correlation analysis between the diurnal stability of
EF and the meteorological parameters have shown weak
correlation on cloudy days, and strong correlation with the
vapor pressure deficit (VPD) on cloud free days. Hence, the
stability of the diurnal cycle of EF on cloudy free days can be
adequately explained by VPD. There is a moderate correlation
between morning EF and daily EF and a strong correlation
between midday EF and daily EF. These results show the
indifference in the remote sensing applications to obtain the
EF from satellite that has morning or afternoon overpasses.

Satellite remote sensing offers the possibility to derive
regional distributions of land surface heat fluxes and ET over
heterogeneous land surfaces in combination with sparse field
experimental stations. It has been a promising tool to provide
reasonable estimates of the EF to obtain the ET. In some
agricultural applications, daily ET is often needed more than
instantaneous rates. With remotely sensed surface temperatures,
methods to extend instantaneous to daily ET are needed because
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Figure 10 - Spatial distribution of instantaneous evaporative fraction
estimated by SEBAL, in 10/24/2005, to semi-arid region of Brazil,
with highlight to banana orchard area.

orbiting satellites usually provide coverage only once daily. The
EF derived from Landsat-5 TM data were compared with the
field measurements and presented absolute percent difference
less than 12%, evidencing the agreement between the SEBAL
results and measured data, and showing the satellite remote
sensing as a promising tool to provide estimates of the EF to
obtain the ET.
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