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Abstract

Evapotranspiration (ET) is a key process in land surface—atmosphere studies. It mainly depends on water availability and incoming solar
radiation and then reflects the interactions between surface water processes and climate. In this paper, a methodology for retrieving ET from low
spatial resolution remote sensing data is presented. It is based on the evaporative fraction concept, and it has been applied to Advanced Very High
Resolution Radiometer (AHVRR) data acquired over the Iberian Peninsula. The methodology does not require other data than the data provided
by the satellite and may be applied to areas with almost spatially constant atmospheric conditions and which include wet and dry sub-areas. The
comparison with high resolution ET estimation shows a root mean square error (RMSE) of 1.4 mm d”~ ' which is in agreement with the sensitivity
analysis of the method. Finally, the methodology has been applied to temporal NOAA—AVHRR images acquired from 1997 to 2002 in order to
analyze the seasonal evolution of the daily ET. The temporal study of the ET values realized in this paper shows that the highest ET values are
associated with the higher development crops, while the lowest values are related with lower development or null crop. As a conclusion, it is
shown that the ET values obtained with the proposed model evolve according to the variations presented in parameters such as surface temperature

or vegetation index.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Continuous evapotranspiration (ET) measurements at differ-
ent scales are important in hydrology and agriculture, and also
in other environmental studies. ET is a key process in land
surface—atmosphere studies. It mainly depends on water
availability and incoming solar radiation and then reflects the
interactions between surface water processes and climate. Over
the last years, the scientific community has been interested in
estimating evapotranspiration by remote sensing, since it is the
unique way to retrieve ET at several temporal and spatial scales.
For this reason, different methods have been developed to
derive surface fluxes from remote sensing observations, such as:
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SEBAL (Surface Energy Balance Algorithm for Land,
Bastiaanssen, 2000; Bastiaanssen et al., 1998a,b; Jacob et al.,
2002), S-SEBI (Simplified Surface Energy Balance Index,
Roerink et al., 2000), SEBS (Surface Energy Balance System,
Jia et al., 2003; Su, 2002) and TSEB (Two-Source Energy
Balance, French et al., 2003; Kustas & Norman, 1999; Norman
et al., 1995).

In Sobrino et al. (2005) and Gémez et al. (2005) a simple
method for retrieving daily ET from high resolution data based
on the S-SEBI model was proposed, which is a simple way to
derive evapotranspiration from evaporative fraction concept. It
is based on the estimation of the evaporative fraction from the
contrast between dry and wet areas according to Roerink et al.
(2000). The purpose of this paper is to adapt this methodology
to the low spatial resolution data provided by the Advanced
Very High Resolution Radiometer (AVHRR) on board of the
National Oceanic and Atmospheric Administration (NOAA)
platform. The paper is organized as follows: Section 2 describes
how instantaneous and daily ET are retrieved from NOAA-
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Table 1
Equations used to estimate the daily ET from high and low resolution images

Albedo

2=0.5 pnir+0.5 prED
AVHRR: prgp and pyir are calculated using
channel 1 (0.63 um) and channel 2 (0.91 pm).
DAIS: prep and pyir are calculated using
channel 10 (0.66 um) and channel 22 (0.87 pm).
AVHRR: Land surface emissivity estimated from
NOAA-AVHRR data using the NDVI Thresholds
method (Sobrino & Raissouni, 2000).
DAIS: Land surface emissivity estimated from DAIS
data using the NEM (Normalized Emissivity Method)
developed by Gillespie (1985) (Sobrino et al., 2002).
AVHRR: Ts=T,+1.40(T;— Ts)+0.32(T4— Ts)’+
0.83+(57-5W)(1—¢)—(161—-30W)Ae
T, and T are the at-sensor or brightness temperature
(In K) for NOAA—AVHRR thermal channels
4 (10.3-11.3 pm) and 5 (11.5-12.5 pum).
DAIS: Tg="T57+2.082(T57— T7g)+0.033(T47— Tyg)*+
56.672(1—¢)—109.429A¢—0.06
T77 and T5g are the at-sensor or brightness temperature
(in K) for DAIS thermal channels 77 (11.266 pm)
and 78 (11.997 pm).
R,=(1—0)Re;, +&Ry;, —ea TS
AVHRR:

R.; =78, Tr is the total transmissivity,
S is the solar constant.

&Ry, ~ CeaTs (Hurtado & Sobrino, 2001)
DAIS: R.;, and Ry, are the incoming shortwave
and longwave radiation, respectively;
obtained from meteorological data.

Emissivity

Surface temperature

Net radiation flux

Soil heat flux G=R,0.5 exp(—2.13 MSAVI)
Evaporative fraction Ty —Ts
Ty —Tie
Heat latent flux LET=A(RR,—G)
Daily ET AC:
Y ET, = T”‘ R,

AVHRR data, Section 3 shows the available imagery and
Section 4 presents the results obtained, including a sensitivity
analysis of the method, the test of the method by comparing low
resolution estimations of ET to high resolution ones, and also
monthly and seasonal analysis of ET over the Iberian peninsula
for several years. The main conclusions drawn from this study
are presented in Section 5.

2. Methods
2.1. Instantaneous evapotranspiration

The method proposed in this paper for instantaneous ET
estimation from NOAA—-AVHRR data is based on the Sim-
plified Surface Energy Balance Index (S-SEBI) model and the
evaporative fraction (A) concept proposed by Roerink et al.
(2000), in which the latent heat flux (LET) is given by:

LET; = A;(Ryi — G;) (1)

where R, is the net radiation flux and G is the soil heat flux. The
subscript ‘i’ refers to instantancous values, and units for heat
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Fig. 1. Flowchart of the proposed methodology to obtain evapotranspiration
from NOAA-AVHRR data.

and net radiation fluxes are given in W m 2. The soil heat
flux (G) can be obtained from the Modified Soil Adjusted
Vegetation Index (MSAVI) (Sobrino et al., 2005), whereas
the evaporative fraction (A) is obtained from the scatterplot
between surface temperature and albedo (Roerink et al.,
2000). The net radiation flux (R,) is estimated from the radia-
tion balance for all incoming and outgoing radiation (see
Table 1 and Fig. 1). Table 1 shows that the net radiation flux
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Fig. 2. Surface temperature versus surface albedo. H is the sensible heat flux, LET
is the latent heat flux and a is the albedo (adapted from Roerink et al., 2000).
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Fig. 3. Ratio (C,;) between daily net radiation (R,,;) and instantaneous (R,,;) net radiation (Cz;=R,,/R,;) versus the day of the year (DOY) and different times. The
expressions were obtained from net radiation fluxes measured in 2000 at the meteorological station of the “El Saler” area, located in the East coast of the Iberian
Peninsula (Valencia, 39° 20’ 41.165” N, 0° 19’ 12.031” W, at sea level). The correlation coefficient (R?) and the standard error of estimation (o) are also given.

can be obtained from albedo (), total transmissivity (1), the
Solar Constant (S), surface broadband emissivity (e), the
incoming longwave radiation (R,;,) and surface temperature
(Ts). In order to estimate the net radiation flux according to
the equation shown in Table 1, an empirical relationship

Table 2
Ratio between daily and instantaneous net radiation (C,;) for AVHRR images
acquired in 1999

Date and time (aa/mm/dd_hh) C,;

Date and time (aa/mm/dd_hh) C,;

99010513 0.096 990626_15 0.448
990130_14 0.200 990707_14 0.384
990201_14 0.203 990716_14 0.384
990217_14 0.237 990723_15 0.450
990302_15 0.373  990801_15 0.450
990318_15 0.390 990814_14 0.377
990330_15 0.401 990823_14 0.372
990409_14 0.323  990915_15 0.437
990418_14 0.334 991009_15 0.423
990424_15 0.421 991103_15 0.404
990508_14 0.355 991124_15 0.385
990521_15 0.436 991202_15 0.376
990604_14 0.374

C,; values have been obtained using the relationships presented in Fig. 3.

between atmospheric transmissivity (t) and atmospheric water
vapour content () was found using the MODTRAN radiative
transfer code (Abreu & Anderson, 1996) and a set of 60 atmo-
spheric soundings described in Sobrino et al. (1993). Low
aerosol optical thickness values were assumed. In this way,
total shortwave transmittance (0.3—3 pm) could be obtained
from water vapour contents (#, in g cm™ ) according to:

T = —0.0268% + 0.0029 + 0.7212 (2)

with a standard error of estimation ¢=0.003 and a correlation
coefficient R*=0.98. The atmospheric water vapour content
had been obtained from AVHRR data, using the Split-Window
Covariance Variance Ratio (SWCVR) method (Li et al., 2003;
Sobrino et al., 1994, 1999). Fig. 1 shows the flowchart of the
proposed method for retrieving ET from NOAA-AVHRR
images. Due to the images sizes used in this paper, it is not
possible to have constant atmospheric conditions, for this
reason, it is necessary use the water vapor values distribution
image.

The final step to solve the Eq. (1) is to estimate the
evaporative fraction A;. Previous works in the literature focused
on the retrieval of evaporative fraction from remote sensing
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Table 3

Equations considered in the sensitivity analysis of the daily evapotranspiration estimation

Equation

Parameter

o(ET,) = \/ |

Daily

O'(Cdi)’z + ‘ 9ET4

JET,

JET,

evapotranspiration

O(Rn)

’2

a(A)| + ‘

aA

JR,

dCai

Net radiation flux
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=|So(tr)|

o(Rez))

Incoming shortwave

radiation
Incoming longwave

\/’JTQU(C)‘Z + ‘40’CTS30'(T5)

‘2

a (Rg/"»i)

radiation

[(3.76-10 3w—22.24-10>)a(w)|

a(tr)

Transmissivity

(Bastiaanssen, 2000). In this paper we determine the A,
according to Gomez et al. (2005):

Ty —Ts

A= 1S
Ty — Tig

3)

where Ty is the land surface temperature, and 7} and 77 i are the
temperatures corresponding to dry and wet conditions for a given
albedo value (see Fig. 2). According to Roerink et al. (2000),
Eq. (3) is only applicable when the atmospheric conditions are
constants over the image and the study site includes simulta-
neously wet and dry areas. In Fig. 2 it is observed an
approximately constant surface temperature (7s) for low albedo
values, related to water saturated surfaces like open water and
irrigated lands, where all available energies are used in
evaporation process. On the other hand, for higher albedo values
the figure shows an increase of surface temperature with albedo.
Thus, from A to B the temperature increase because of the change
in the surface temperature is a result of less soil moisture
availability yields an evapotranspiration decrease and therefore a
surface temperature increase. Here surface is said to be
“Evaporation controlled”. Finally, surface temperature from B
decreases with increasing albedo. In this point, the soil moisture
decrease such as no evaporation can occur due to that all available
energy is used for surface heating. Thus an albedo increase yields
a net radiation decrease and therefore less surface heating. Here,
surface temperature is said to be “Radiation Controlled” (see
Gomez et al., 2005; Sobrino et al., 2005).

2.2. Daily evapotranspiration

Daily evapotranspiration (ET,) is defined as the temporal
integration of the instantaneous values (ET;) according to:

ET, = /O i ET;(¢)dt (4)

The integration given by Eq. (4) cannot be applied to
NOAA—-AVHRR data, because several images acquired at
different times in the course of the same day are needed. As LET;
is only derived once a day from remote sensing images, this
integration will be done by assuming that the evaporative
fraction at the daily scale is similar to that derived instanta-
neously from Eq. (3) at time of remote sensing data acquisition
(Bastiaanssen, 2000; Farah et al., 2004). Thus writing Eq. (1) for
daily and instantaneous values yields the following equation:

LET; _ Aq (Rug — Ga) _ (Rua — Ga)
LET; A; (Ry— G)) (Rui — Gy)

(5)

Then ET, may be obtained as:

(Rnd - Gd)

ET, = LET, 24— Zd)
d LRy — Gy)

(6)
where R,; (W m~?) and R,; are the daily and instantaneous net
radiation fluxes respectively (L is the latent heat vaporization:
L=2.45 MJ kg '). The change from instantaneous to daily
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Table 4
Values and errors for the different quantities considered in the sensitivity
analysis

Parameter Symbol Value Error
Atmospheric water vapour content w 29gem ? 0.5gcm 2
Atmospheric transmittance T 0.670 0.006
Surface albedo o 0.150 0.017
Ratio between the incoming and emitted C 0.77 0.06
longwave radiation
Surface emissivity € 0.98 0.01
Surface temperature Ts 300.0 K 13K
Modified soil adjusted vegetation index MSAVI 0.5 0.1
Evaporative fraction A 0.60 0.12
Ratio between daily and instantaneous C; 0.30 0.03

net radiation

Values for the atmospheric parameters were extracted from a standard mid-
latitude summer atmospheric profile. Error values were obtained from the
different references given in the text.

values of net radiation may be performed using the ratio
between both values (C;=R,,/R,;). In this way Eq. (6) can be
rewritten as:

A;CgiRyi

ET; = 7

(7)

The hypothesis of a daily ground heat flux close to zero was
also considered for deriving Eq. (7). Seguin and Itier (1983)

Fig. 4. Daily evapotranspiration (mm d ') obtained from the high resolution
data acquired by the DAIS sensor over the agricultural area of Barrax (Albacete,
Spain) on 4 June 1999. These values were used to check the method proposed in
the paper for low resolution data. The NOAA—~AVHRR pixels overlapped on the
DALIS image are also shown.

Table 5

Daily evapotranspiration values extracted from DAIS (ETpais) and NOAA
AVHRR (ETayprr) images acquired on 4 June 1999 for the two different
regions of interest (ROI) over the Barrax area

Region of interest (ROI) ETpais ETavHRR ETavurr—ETDAls
(mm d " (mmd'")  (mmd")

1 2.9+0.4 2403 -0.5

2 2.7+0.3 2.4+04 -0.3

Mean and standard deviation values are given. According to Fig. 3, ROI 1
includes pixels from 1 to 4, and ROI 2 includes pixels from 5 to 8.

proposed a constant value C,=(0.30+£0.03), but Wassenaar
et al. (2002) showed that this ratio varied from winter (0.05) to
summer (0.3) following the pattern of a sine law. In this study,
C,; was calculated using net radiation fluxes measured in the
meteorological station of the El Saler area, located in the East
coast of the Iberian Peninsula (Valencia, 39° 20’ 41.165” N, 0°
19’ 12.031” W, at sea level). Fig. 3 shows the relationships
between the ratio (C,) and the day of year (DOY) at the
different times used in this work (see Table 2).

3. Data
3.1. NOAA-AVHRR imagery

In this paper a total amount of 160 NOAA—AVHRR images
over the Iberian Peninsula (900 x 540 pixels) was used, with an
acquisition period ranging from June-1997 to November-2002
(around 30 images per year and 2 or 3 images per month) and an
acquisition time near midday, from 12:00 to 15:00 GMT. The
images were provided geometrically and radiometrically
corrected by the Centro de Recepcion, Proceso, Archivo y
Distribucion de Imagenes de Observacion de la Tierra
(CREPAD, http://www.crepad.rcanaria.es), jointly with the
images of the solar zenith angle at the time of acquisition.
Cloud and sea masks were also applied to the NOAA—AVHRR
images, following the procedure described in Saunders and
Kriebel (1988).

Table 6

Daily evapotranspiration values extracted from PolDER and Inframetrics
(ETporper-iInFRAMETRICS) ad NOAA—AVHRR (ETayvyrr) images acquired on
Alpilles test area ((*): not available data for this region and this day)

Data (aa/mm/dd)

ETpoLpER-INFRAMTRICS (MM dﬁl) ETavirr (mm dil)

970410 2.69 2.94
970416 1.85 1.32
970418 2.71 2.45
970501 2.86 2.45
970502 4.08 *)

970522 2.58 3.14
970612 3.47 2.03
970624 2.28 3.01
970708 3.23 222
970728 3.68 2.87
970829 3.41 3.19
970904 3.16 3.99
970918 3.83 1.53
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Fig. 5. Monthly mean for the daily evapotranspiration retrieved from NOAA—~AVHRR data over the Iberian Peninsula in 1999. Pixels in black color refer to sea and

cloud masks.

3.2. High resolution data

ET values measured in situ using meteorological stations
are not representative at the NOAA—AVHRR spatial resolu-
tion (~1 km). High resolution ET images were used in order
to check the results obtained from AVHRR data. For this
purpose, the Digital Airborne Imaging Spectrometer (DAIS)
was used, with a spatial resolution of 5 m. ET retrieval from
DALIS data was described in detail in Sobrino et al. (2005) and
Gomez et al. (2005). To be more specific, the DAIS image
acquired on June 4th 1999 over the Barrax agricultural area
(Albacete, 39° 6'N, 2° 6’W; 700 m) in the framework of the
DAIS Experiment (DAISEX-99) was used, which provided an
error for the daily ET of 1 mm d~'. It was the only available
high resolution image in coincidence with the NOAA-
AVHRR acquisition (see Fig. 3). In Table 1 the different
equations used to estimate the daily ET to high and low
resolution images was presented.

4. Results
4.1. Sensitivity analysis

A sensitivity analysis was carried out in order to assess the
accuracy of the retrieved ET using the method proposed in this
paper. For this purpose, the error theory had been applied
similarly as in the sensitivity analysis realized in Gémez et al.
(2005), using the equations showed in Table 3 with the values
and errors of the variables and parameters involved in the
retrieval of ET given in Table 4. The estimation of instantaneous
evaporative fraction error is the critical point of the sensitivity
analysis. This is due to the fact that 7y and 77y are obtained
from a graphical procedure which may generate significant
errors. To evaluate these errors, the plot of Ts versus albedo was
analysed in Goémez et al. (2005). According to the results
obtained, the sensitivity analysis provided an error lower than
29 W m 2 for the net radiation, lower than 15 W m™ 2 for the
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Fig. 6. Selected zones over the Iberian Peninsula to analyze the monthly and seasonal evolution of the daily evapotranspiration from 1997 to 2002.

soil heat flux, and lower than 45 W m™ 2 for the latent heat flux.
The estimated error for ET was lower than 1.4 mm d '

4.2. Test of the algorithm by comparing NOAA estimated ET
and DAIS estimates

As stated in Section 3.2, the available in situ values of ET are
not representative at the low spatial resolution of the AVHRR
sensor, and ET values extracted from DAIS high resolution data
were used in order to check the method proposed in this paper.
The DAIS image includes only 2 x4 NOAA—AVHRR pixels, as
shown in Fig. 4. It would be possible to compare the ET values
obtained in DAIS and AVHRR images in each AVHRR pixels
(8 pixels) but in order to avoid the problems related with the
positioning of the AVHRR pixels over the DAIS image, two
regions of interest (ROI) composed by 2x2 AVHRR pixels
were considered: ROI 1 included pixels 1 to 4 and ROI 2
included pixels 5 to 8, according to the notation used in Fig. 4.
Mean values of ET for the ROIs were compared to the mean
values obtained from the equivalent DAIS pixels (Table 5).
Mean values extracted from AVHRR images were equal for the
two ROIs, with low standard deviations (less than 0.4 mm d ™ 1).
DAIS values were also similar for the two ROIs, but standard
deviations were higher (1 mm d~'; Sobrino et al., 2005) due to
the heterogencity observed from high resolution data
(1 NOAA—-AVHRR pixel included 280x370 DAIS pixels).
Differences between AVHRR and DAIS estimates of ET were
—0.5 and —0.3 mm d "' for ROIs 1 and 2, respectively. Taking
into account that Sobrino et al. (2005) evaluated that ET

retrieved from DAIS had an error of 1 mm d ™' and that the
differences between NOAA and DAIS estimates were in the
same range, it was possible to evaluate an overall error as given
by V1?4 1> =14 mm d~!, which agreed with the result

obtained in the sensitivity analysis described in Section 4.1.
ET estimated from NOAA—AVHRR data was also compared

with PolDER (Polarization and Directionality of Earth Reflec-
tance) and Inframetrics Thermal Camera ET images over the
Alpilles area (see Gomez et al., 2005). To realize this analysis,
the area included in the PolDER and Inframetrics images has
been selected in the NOAA Alpilles images, and then the daily
evapotranspiration values have been extracted (see Table 6) and
compared. As a result of this comparison, an RMSE around
1.4 mm d~" has been obtained for the daily evapotranspiration
obtained with NOAA—-AVHRR images, which agreed with the
results obtained previously in the sensitivity analysis.

4.3. Temporal evolution

NOAA-AVHRR images acquired from June 1997 to
November 2002 were used in order to analyze monthly and
seasonal evolutions of the daily evapotranspiration. Monthly
values of ET were obtained by averaging the daily ET images
for a given month and were given in mm d~'. Seasonal ET was
obtained by averaging daily ET over the season. As an example,
Fig. 5 shows monthly ET maps obtained from the NOAA—-
AVHRR images acquired in 1999.

Fig. 5 shows that the highest ET values were obtained in
summer and spring in the North and West of the Iberian
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Fig. 7. Monthly evolution (from June 1997 to November 2002) of the daily
evapotranspiration (ET,) and precipitations (mm) in the eight selected zones (see
Fig. 4).

Peninsula, since these areas are highly vegetated and have
lowest surface temperatures. During the other seasons (October
to February), ET was lower and the spatial variation decreased.
This was in agreement with the seasonal variations of the
amount of incoming solar radiation and with the distribution of
rains among the peninsula.

The temporal analysis has been focused in eight areas of the
Iberian Peninsula with different land use: rice (Delta del Ebro
and Valencia), olive trees (Andalucia), vineyard (Lisboa), forest
(Portugal), non irrigated land (Castilla-Leén and Andalucia)
and the agricultural area of Barrax (see Fig. 6).

Fig. 7 shows the evolution of the monthly ET and monthly
precipitation obtained by Reanalysis for the different areas
between June 1997 and November 2002. In general, the highest
evapotranspiration rates were obtained in 2000 and 2001, with a
higher ET in summer in 2000. As expected, the highest values
of ET were obtained in Spring and Summer. In the western areas
(vineyard and forest) the highest values of ET were obtained in
spring and summer, which can be explained according to the
rain gradient from the Atlantic Ocean. In general, the high rain
in winter and spring is responsible for high ET, and in summer,
vegetation has a lot of available water in the soil because of the
previous high rain. In April, June and July 2000 values close to
6 mm d~' were found in these areas.

The lowest ET values were obtained in winter for all areas (in
general close to 1 mm d™'). In Spring and Summer, the non
irrigated lands or partially irrigated area presented the lowest
ET. In Spring, the rice areas (Valencia, Ebro) exhibited ET rates
close to ET in the non irrigated or partially irrigated area, while
their ET increased significantly in summer, certainly in relation
with the large availability of water for rice in summer due to
flooding.

Also Fig. 7 shows the relation between ET and available soil
water due to the precipitation. In months with high precipitation
values, we observed low ET values due to the low incoming
radiation values, but two or three months later the daily ET
values increase due to the high available water in the soil as a
consequence of the previous precipitations.

The seasonal evolution is more clearly shown in Fig. 8, in
which the seasonal daily ET is graphed for the different areas and
years (from 1997 to 2002). Fig. 8 shows that vineyard have the
highest ET values in summer—autumn as a consequence of large
amount of leaves in the crop. In against, the lower values of ET are
associated with the winter, when the crop does not have leaves. In
Barrax area the higher values are presented in spring and summer
where crops such as corn are in the highest development, and the
lower values are associated with the winter.

5. Conclusions

In this paper, the method suggested by Sobrino et al. (2005)
and Gomez et al. (2005) for ET retrieval from high spectral and
spatial resolution data (~ 5 m) was adapted to the low resolution
data provided by the NOAA—-AVHRR sensor (~1 km). The
method is based on the evaporative fraction concept developed
by Roerink et al. (2000). The principal advantage of the
proposed methodology is that the method requires only satellite
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Fig. 8. Monthly evolution (from June 1997 to November 2002) of the daily evapotranspiration (ET,) in the eight selected zones (see Fig. 4). The temporal mean for the

six selected years is also graphed.

data, so it is easy to implement and allows to estimate the ET in
areas without measurements. However, the principal disadvan-
tage of the methodology is that the studied images must contain
extreme surface values temperature.

The study was focused on the Iberian Peninsula, and a
temporal set of NOAA—AVHRR images acquired from 1997 to
2002 has been used. The method was checked over an agricultural
arca (Barrax, Albacete, Spain) using the high resolution values

presented in Sobrino et al. (2005), with errors lower than 1.4 mm
d ™!, which agreed also with the sensitivity analysis.

The monthly and seasonal evolution of ET was also
analyzed. The highest values of ET (~6 mm d ') were
obtained in the West of the Iberian Peninsula, which is the most
vegetated area. The impact of incoming solar energy was also
noticed, with higher values of ET in Spring and Summer and
lower values in Autumn and Winter.
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