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Abstract: Remote sensing can assist in improving the estimatif the geographical
distribution of evapotranspiration, and conseqyentiter demand in large cultivated areas
for irrigation purposes and sustainable water nessumanagement. In the direction of
these objectives, the daily actual evapotranspmatias calculated in this study during the
summer season of 2001 over the Thessaly plain @e¢e; a wide irrigated area of great
agricultural importance. Three different methodsevadapted and applied: the remote-
sensing methods by Granger (2000) and Carlson affdrB (1989) that use satellite data
in conjunction with ground meteorological measuretae&nd an adapted FAO (Food and
Agriculture Organisation) Penman-Monteith methodlgA at al. 1998), which was
selected to be the reference method. The sateléiita were used in conjunction with
ground data collected on the three closest metegiaal stations. All three methods,
exploit visible channels 1 and 2 and infrared cledsmm and 5 of NOAA-AVHRR
(National Oceanic and Atmospheric AdministratiorAdvanced Very High Resolution
Radiometer) sensor images to calculate albedo abd/| NNormalised Difference
Vegetation Index), as well as surface temperaturas. FAO Penman-Monteith and the
Granger method have used exclusively NOAA-15 stddlinages to obtain mean surface
temperatures. For the Carlson-Buffum method a coatimn of NOAA-14 andNOAA-15
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satellite images was used, since the average faserface temperature rise during the
morning was required. The resulting estimationsastimat both the Carlson-Buffum and
Granger methods follow in general the variationshef reference FAO Penman-Monteith
method. Both methods have potential for estimatifg spatial distribution of
evapotranspiration, whereby the degree of theivelagreement with the reference FAO
Penman-Monteith method depends on the crop groteiles In particular, the Carlson-
Buffum method performed better during the firstfludithe crop development stage, while
the Granger method performed better during the ir@ngaof the development stage and
the entire maturing stage. The parameter thatenfies the estimations significantly is the
wind speed whose high values result in high undienates of evapotranspiration. Thus, it
should be studied further in future.

Keywords. Actual evapotranspiration; Remote sensing, NOAA-ARRI images, FAO
Penman-Monteith, Granger, Carlson-Buffum.

1. Introduction

The increasing demand for water resources combiithdstagnant supply or decreasing availability
constitutes a critical problem. The need of sustalm water resources management is not questioned.
In this context, the scientific research on watsources is necessary to quantify the water budget
components and their spatial distribution.

Evapotranspiration is one of the main componentthefwater cycle and the importance of its
accurate estimation is obvious, however, this iicdit to achieve in practice because actual
evapotranspiration can not be measured directlyands considerably in time and space.

A large number of more or less empirical methodgehbeen developed over the last 50 years
worldwide to estimate evapotranspiration from d#fe climatic and meteorological variables. The
analysis of the performance of the various algorghrevealed the need for formulating a standard
method for the computation of the reference cragpetranspiration. For this reason the FAO Penman-
Monteith method (Allen at al., 1998) has been rememded as a standard.

The usual problem of these conventional methodsh& they can only provide accurate
evapotranspiration measurements for a homogenegisnraround a meteorological station, and this
cannot be extrapolated to other sites. Howeverlibsmme feasible from a technical and economical
point of view by remote sensing technology. Forsthiurpose, the estimation of actual
evapotranspiration at regional scale has been wgtatied in recent years by combining conventional
meteorological ground measurements with remotehgesg data. Several methods for assessing
evapotranspiration have been developed at varjpatsas and temporal scales. These methods vary in
complexity from statistical / semi-empirical diregpproaches to more analytical approaches with a
physical base, and finally to numerical models $atinig the heat and water flux through the soi th
vegetation and the atmosphere (Kustas and Norn3&6,)1

Courault et al. (2003) classify the different mettinto the following categories:
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- Empirical direct methods where remotely sensed datantroduced directly in semi-empirical
models to estimate evapotranspiration (for exanthkesimplified relationship of Jackson et al.
(1977), later analysed by Seguin and ltier (1988)ng thermal infrared (TIR) data). It allows
to characterise crop water use both at the lo@édoom ground measurements and at the scale
of large irrigated areas from satellite data ushng cumulative temperature differende—{T,,
whereT; is the land surface temperature dndis the air temperature), also known as stress
degree day.

- Residual methods of the energy budget combining irgzap relationships and physical
components. Most current operational models sucBedml (Bastiaanssen et al., 1998) and S-
Sebi (Courault et al., 2003) use remote sensingctiiyr to estimate input parameters and
evapotranspiration.

- Indirect methods generally using more complex nmodahulating the different terms of the
energy budget. Remotely sensed data can occuffatedi levels in the input parameters to
characterise the different surfaces, and assimilatirocedures can be used to obtain more
adequate data to compute evapotranspiration.

This study demonstrates the contribution of rensaetesing to the estimation of evapotranspiration
over the irrigated plain of Thessaly, Greece. kmines a semi-empirical and a residual method and
compares them to the reference adapted FAO Pennoatelth method (Allen at al., 1998). The two
methods are the Carlson and Buffum (1989) and @raf2§00) respectively, which have been adapted
to integrate remotely sensed data in conjunctidh surface meteorological measurements. The study
focuses on the potential of the methods to be asddols in order to estimate the irrigation nesus
in particular their spatial distribution.

Conceptually, there is a difference between thenfenMonteith method and the other two
methods. The former evaluates the potential evapspiration whereas the latter two attempt to
estimate the actual evapotranspiration. Even wiik tifference, the Penman-Monteith method is
useful as it sets an upper limit to evapotranspimatvhich should not be exceeded by the other
methods. In addition, the study area is a highligated area where water demand is almost fully
covered so that it can be assumed that, in mos&s, g@otential and actual evapotranspiration comgcid
which permits better intercomparison of methodse ®ystematic and intensive irrigation is an
undeniable fact which has resulted to significamdring of the aquifer level during the last yeansl
has been widely criticized as an unsustainabletipeac

2. Case study

The Thessaly plain (figure 1) was selected as ##® study due to its importance for the Greek
agriculture and economy. It is situated in cen@atece, in the Pinios river basin, the largestrrive
basin in Greece (area 10 700%mwith mean annual rainfall of 779 mm and mean ahnunoff 3500
hm® (327 mm). It constitutes a region of intensivei@gtural activity, where the estimation of
evapotranspiration is crucial for the water reseuranagement. The meteorological stations at some
locations in the area are relatively reliable tovinle the meteorological measurements needed éor th
calculations of the model parameters required biyhede methods.
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Figure 1. The Pinios River basin in Thessaly plain, locate@€eéntral Greece. The three
meteorological stations operated by the Hellenitciddal Meteorological Service in
Larissa, Trikala and Anchialos are illustrated.
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The summer season, lasting from June to Augudtenyear 2001, was selected as the case study
period, in order to estimate the irrigation neealstiie plain, whose main crops are maize and cotton
The daily actual evapotranspiration was calculdéed1 days of this period uniformly distributed in
the time frame of the study (7 days per month),clwhivere selected according to a set of criteria
related to the availability of satellite and metdogical data, methodological considerations and
uniformity of temporal distribution.

3. Input data sets
3.1 Ground meteorological data

In the wider study area three meteorological statiare operated by the Hellenic National
Meteorological Service, namely Larissa, Trikala &mdhialos.

The Larissa station is by far the most represemaind useful for the assessment study since it is
situated in the centre of the plain, with elevatapproaching the mean elevation of the plain. @n th
contrary, the Trikala station is located at the texs edge, in a hilly landscape, and the Anchialos
station is located at the south, very close to dba. Therefore it is justifiable to expect that the
meteorological measurements in the latter two suas/ considerably in relation to the actual
measurements in the interior of the plain.

For the above-mentioned reasons, the meteorolodatal of Trikala and Anchialos were taken into
account with lower weight (half) than in the Laasstation.
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3.2 Satdlite data

The satellite data used were acquired by the Nalti@ceanic and Atmospheric Administration
(NOAA) Advanced Very High Resolution Radiometer (ARR) receiving stations operated by the
Institute for Space Applications and Remote Sensiripe National Observatory of Athens. The value
of NOAA-AVHRR sensor data for agricultural and hgfhgical applications has been widely
recognised (Vidal and Perrier, 1989).

The FAO Penman-Monteith and Granger methods requean daily surface temperatures, so
NOAA-15 satellite images, acquired between 9:3Qa80 local time (UT 06:30 to 07:30) were used
and the instant morning values were converted ily daes. For the Carlson-Buffum method, NOAA-
14 satellite images acquired from 7:15 to 8:30lIdicae (UT 04:15 to 05:30) were additionally used,
since the average rate of surface temperatureluiseg the morning was required.

Additionally, the NOAA-15 images were used for thaly calculation of the albedo values for all
the three methods. The use of pixel based spaisédibdition of albedo, consists a considerable
improvement over the classical approach, the lagarg a single constant value per land cover type.

4. Assessment of evapotranspiration
4.1 Satellite data processing

In total, 42 satellite images were processed, @ogeRl days with at least two good image
acquisitions from NOAA-15 and NOAA-14 satellitesheél exact dates of satellite image acquisitions
are shown in table 1. Satellite data processingpc@ed of radiometric calibrations, geometric
corrections and georeferencing to local projectsystem, known as Hellenic Geodetic Reference
System 1987 (HGRS87, a Transverse Mercator Proje&ystem). It also comprised image to image
registrations to overcome remaining image mismabeimd reflectance normalisation to correct from
sun illumination, and cloud/sea masking to keepy tim valid image pixels.

All the examined methods make use of the remotadgsured albedo, the Normalised Difference
Vegetation Index (NDVI) and surface temperatures @tbedo was calculated as the mean value of the
normalised reflectances in visible channels 1 amof the NOAA-AVHRR satellite images (Vogt,
1990). The NDVI was calculated by the normaliseffectances in channels 1 and 2 (Tucker and
Sellers, 1986). The following formulae were used:

ALBEDO = LZR? (1)
NDVI :% )

The land surface temperature was estimated by thlé ®B/indow technique that uses the
information conveyed in the thermal infrared chdsdeand 5 of the NOAA-AVHRR satellite images,
taking into account the variability of the emissicwefficients (Price, 1984, Kerr et al., 1992, Bret
al., 1995, Caselles et al., 1997). Calculationsewgerformed only for the valid land pixels after
eliminating the ones affected by clouds. For thisjoud mask derived from the brightness tempegatur
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values of each image was applied on the data tk roas the affected pixels. The Split Window
technique allows a suppression of atmospheric emites since the measurements in channels 4 and 5
are differentially influenced by the state of theasphere. To account also for the targets’ emigsiv

it was decided to make use of the algorithm intosduby Kerr et al. (1992) that uses an approximatio
for surface emissivity based on the NDVI. In preetthe algorithm considers for each pixel a mean
emissivity estimated on the assumption that thiselpis a mixture of bare soil and vegetation.
Therefore the algorithm estimates the land surfecgeratureTs) as follows:

T,=cT,+@-C)Ty (3)
wherec is a coefficient representing the vegetation paEge in the pixelly is the temperature of a

surface fully covered by vegetation aig is the temperature of a bare soil surface. Thesmbles
were calculated as follows:

_ NDVI =NDVI
€= _ 4)
NDWVI .., — NDVI ...
T, =T,+26(T,-T,)- 24 (5)
Ty, =T,+214T,-T,)+31 (6)

The Kerr algorithm has been used with success tiverwhole of Greece in the European
Commission Research project “CALamities InformatiSgstem” (CALIS, Directorate General of
Environment-Centre for Earth Observation - Area 8t3Environment and Climate Program). This
project developed a system that integrates Earge@htion know-how into the process of monitoring
and assessing damages in dense agricultural amased by climatic hazards (CALIS 2004,
http://www.aurensa.es/shopwindow/intro.html). Theyerience of CALIS project showed that the
mean uncertainty in calculating day time land stefeemperatures compared to the in-situ ones was
estimated to be around@ due to the emmissivity influence in the caldolas. The approximation
was better for the night estimates, with the uradety being at the level of°C. In general the land
surface temperatures were underestimated compatlé tn-situ ones.

4.2 The FAO Penman-Monteith method

The FAO Penman-Monteith method was derived fromdthginal Penman-Monteith equation in
combination with the equations of the aerodynamid surface resistance. It is a method with strong
likelihood of correctly predicting the referencegrevapotranspiration in a wide range of locatiand
climates and has provision for application in dgparse situations (Allen at al., 1998).

According to the FAO Penman-Monteith method, thepcevapotranspiration under standard
conditions ET.) is calculated by multiplying reference crop evapospiration ET,) with the crop
coefficient K):

ET, =K.ET, (7)

ETo (mm d") is calculated by the following equation:
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900
0.40&\ -G)+ u (e —e
ET _ (Rn ) yT+273 2( 'S a) (8)
° A+ y(@+ 034u,)

where R is the net radiation at the crop surfab&)(m? d*), G is the soil heat flux densiti¥g m?d™),
A is the gradient of the vapour pressure curve P3, y is the psychrometric coefficient (kP@?), T
is the mean daily temperatuficy, u, is the wind speed at 2 m height (f),sese, is the saturation
vapour pressure deficit (kPa)s is the saturation vapour pressure (kPa) ents the actual vapour
pressure (kPa).

In order to derive the mean daily temperature $mall area around the Larissa station, the morning
NOAA-AVHRR 15 image acquisitions were used. The meafase temperaturé;s, was calculated
on each image using equations (2)-(6). This valas wubtracted from the respective mean daily
surface temperaturgé calculated by the conventional data of the Laristsdion and the amounil
occurring for each day of the study period was ddtie each pixel of the corresponding surface
temperature satellite image:

dT =T -T (9)

The crop coefficienK.; was estimated on a daily basis for the entireyspeatiod according to the
single crop coefficient method and a series of @aggions for the crops of the study area.
The net radiation at the crop surfa&e(MJ m? d?) is given by the equation:

R =01-a)R-R; (10)

wherea is the albedo ()R is the incoming solar radiatiodM{ m? d*) andRy is the net outgoing
longwave radiationNtJ miZ o).

The parameter§, u,, es—e,, Rs andRy were calculated according to the formulae of thethod
(Chapter 3, Allen at al., 1998) by the conventiotada of the three meteorological stations for2he
selected days and subsequently they were integabiat the surface of the entire study area using a
second order polynomial.

4.3 The Carlson and Buffum method

The Carlson and Buffum method (1989) calculate$ydastual evapotranspiratioBTy from the
daily surface energy budget. Remotely-sensed albellees derived from channels 1 and 2 of NOAA
15 images were used for the optimisation of thaltes

This method is based on the assumption that thersmsture and therefore the evapotranspiration
is sensitive to the rate of temperature rise dutiregmorning, that is, between 8:00 and 10:00 local
time.

The corresponding equation can be written as:

AT, j an

ET=Rn—B(At

whereET is the daily actual evapotranspiration (cit),dRq is the daily net radiation (cmi’)l ATJAt
is the average rate of temperature rise duringntieening (C h') and B, n" are constants (-)
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depending on wind speed, surface roughness, vegetand reference height, estimated either by
representative values or by charts.

The average rate of temperature rise during thenm@rA7JAt was calculated dividing the
difference of the surface temperature images of NMHRR 15 and NOAA-AVHRR 14 {15 T14)
by the difference of their corresponding receiviingesAt.

In order to achieve higher accuracy, the estimatibthe constant® andn for vegetation 8, n,)
and bare soilBs, ns) was based on the method’s charts, not usingeseptative indicative values, in
respect to the surface roughness and the wind ste@d m height. The maximuMDVI value was
attributed to the predominant vegetation (namelgheoconstants,, n,) and the minimunNDVI value
was attributed to the bare soil (hamely to the tamtsBs, ng). It was estimated thaMDVI,, = NDVI
= 0.570 andNDVIs = NDVI i, = 0.010. So, using the value®Vl,, NDVIs, By, ny, Bs, ns in the Carlson-
Buffum method, the respectii® and n images were calculated for each day of tildyperiod with
the application of a linear interpolation technique

4.4 The Granger method

The Granger method (2000) estimates daily actuab@vanspiration applying a conventional
evapotranspiration model in which some ground data imported as well as remotely-sensed
estimates of net radiation and the vapour presgefieit using a feedback relationship with surface
temperature calculated by the infrared satelli@nciels data.

This method is based on two assumptions: i) thellfeek links between the surface and the
overlying air are such that the observed surfasg&rature may be a sufficiently reliable indicabér
the air humidity and ii) the net long-wave radiatis driven by the energy supplied to the surfacel
thus, its daily values can be estimated from tieenmng short-wave radiation. Therefore:

e, —e, =-0.278-0.015T,, +0.668°(T,) (12)

R, =-425- 024R, (13)

wherees—e, is the saturation vapour pressure deficit (kals the average saturation vapour pressure
(kPa), e, is the actual vapour pressure (kRa}ls) is the saturation vapour pressure (KFQ)is the
mean daily surface temperatuf€), Tism is the climatic long term air temperature in tegion (C),
Ry is the net long-wave radiatioM( m? d%), andR;s is the incoming short-wave radiatioNld ni
dh).

Granger’s equation can be written as:

ET = A (14)

where

E. = f(u)(e -e,) (15)
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) 1
9 1+ 0.028e°0%0 (16)
E
D=— a2
E, 08 (17)

In the above equationsT is the daily actual evapotranspiration (mm),dA is the gradient of
vapour pressure curve (kP@?), R, is the net radiation at the crop surfadb&l(m? d?), G is the soil
heat flux densityNIJ mi? d%), 1 is the latent heat of vaporisation (MJ gy is the psychrometric
coefficient (kP&C™), E, is the drying power of the air (mm')J g is the relative evaporation (fy) is
the wind speed function (mmi‘dPal), e—e, is the saturation vapour pressure deficit (kPa) Rris
the relative drying power (-).

The wind speed functioffu) is calculated by the Dalton formula:

0622 2w 2 Pa

— Dm IOW
f(u) = o 5 (18)
(22
ZO

whereD,,, andDy, are the water vapour and momentum diffusion coefiits respectively (-k is von
Karman’'s constantk(= 0.4), p, is the air density (=1.229 kg ) pw is the water density
(=1000 kg n?), u is the wind speed (mm™) P is the atmospheric pressure (kPa)js the wind
measurement height (g is the displacement height (m) ands the roughness length (m), defined
as:

zy =072, (19)

z, =01z, (20)

wherez, is the vegetation height (m).

Granger's method assumes tBgt/Dn=1. However, this assumption is not valid as thgetation
height increases and the atmospheric stabilityadesifrom neutrality (Lopes, 2003). For this reason
in the present application, equation (18) is tramagd into:

0.622 p,
fw="*c, @)
whereCy is the atmospheric conductance (mm).d
Based on the values of the wind speeshd the vegetation height the atmospheric conductance
Cq4 is estimated by Dingman’s chart (Dingman, 1994)dach day of the study period. Subsequently

the wind speed function can be calculated.
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5. Reaults

The daily evapotranspiration was calculated udiegthree methods for all the 21 days of the study
period. As an indication, three calculated evapp@ation images are presented for a selected date
(figure 2).

Figure 2. Daily actual evapotranspiration for 17/07/2001 adow to the Carlson-
Buffum (ETc), FAO Penman-Monteith (B and Granger (EJ) methods
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The daily evapotranspiration calculations for aeaain the centre of Thessaly plain are presented
both in table 1 and in figure 3 for the whole stymiriod and for all the three methods studied. The
wind speed values of the Larissa station are dews in table 1 to emphasise the degree of inflaenc
of this parameter on evapotranspiration.

The adapted FAO Penman-Monteith method used asnefe requires the conventional input data
to be spatially integrated. The use of remotelysedrdata enabled the areal extrapolation of tHacr
temperature and albedo parameters increasing liabiliey of the results while making possible the
estimation of the geographical distribution of @wapotranspiration assessments.

The more sophisticated Granger method as appliedg uthe daily NOAA 15 acquisitions
reproduces the general tendency the FAO Penmandiflontnethod but also displays significant
discrepancies at some days. During days with velgtinigh wind speed values the method seems to
underestimate the actual evapotranspiration. On dbetrary it significantly overestimates the
evapotranspiration during the development stagbeotrop in a systematic way. In the first haltlué
crop development stage the overestimation is muae 50% with a standard error rate of more than
2.5 mm. From the middle of the crop developmengesta the beginning of its last fifth the errorerat
is reduced to 1 to 2 mm with overestimation randirmgn 22 to 36%. In the last fifth of the crop
development stage and in the entire mid-seasonrim@tstage the error is maintained at less than 1.5
mm, with a deviation between —20% and +12%. Iftine overestimated values due to strong wind
effect are ignored (on July 21st and August 12t, error during the end of the crop development
stage and in the entire maturing stage is limitetivben 0 and 0.5 mm, with small deviation from —5%
to +12%.



Sensors 2008, 8 3596

Table 1. Daily actual evapotranspiration in the centre béJsaly plain according to the
three methods: Carlson-Buffum (ET FAO Penman-Monteith (BJ and Granger
(ETg), the corresponding deviations from the referemethod, as well as the average
values per crop growth stage and in total. Windedpffom Larissa station is also
presented.

Daily actual evapotranspiration ET

Q, for areain the centre of Thessaly plain Wind
S Speed
f:j Carlson-Buffum method FAC Pen-man- Granger method from
SNo Date ETe SIETER? ETe Larissa
E method ETp Sation
- Actual evapo-Deviation Actual evapo-Actual evapo-Deviation  u,
© transpiration  from | transpiration transpiration from (ms?h
(mm/day) reference (mm/day) (mm/day) reference
1 07/06/2001 0,9 —65% 2,6 5,7 +119% 1,54
2 12/06/2001 3,0 -14% 3,5 7,3 +109% 0,58
= 3 20/06/2001 2,5 —24% 3,3 5,9 +79% 0,96
£ 423/06/2001 4,2 ~13% 4,8 7,4 +54% 1,15
%L 5 25/06/2001 57 +2% 5,6 7,3 +30% 2,21
o 6 28/06/2001 3,4 -39% 5,6 7,3 +30% 1,73
g 7 29/06/2001 1,6 —-69% 51 6,3 +24% 1,88
O 8 04/07/2001 7,6 +43% 5,3 7,2 +36% 1,64
9 07/07/2001 7,7 +31% 59 7,2 +22% 1,78
1015/07/2001 57 -12% 6,5 7,3 +12% 0,96
1117/07/2001 6,3 -5% 6,6 6,7 +2% 1,44
Stage averac 4.4 -12% 5,0 6,9 +38%
?(.n? 1221/07/2001 3,9 -52% 8,1 6,6 -19% 2,65
% 1324/07/2001 5,6 —21% 7.1 7,2 +1% 1,68
= 1426/07/2001 4,1 -36% 6,4 6,5 +2% 1,30
S 1502/08/2001 6,4 -12% 7,3 6,9 -5% 1,78
E 1604/08/2001 5,6 -13% 6,4 6,9 +8% 1,06
S 1706/08/2001 57 -11% 6,4 6,6 +3% 1,06
§ 1812/08/2001 53 -23% 6,9 55 -20% 3,08
$1910/08/2001 34 —40% 5,7 5,8 +2% 1,25
= 2020/08/2001 4,6 -18% 5,6 5,7 +2% 0,87
2128/08/2001 3,3 —38% 5,3 5,3 0% 1,35
Stage averac 4.8 —-26% 6,5 6,3 -3%
Total averag 4,6 -19% 5,7 6,6 +16%




Sensors 2008, 8 3597

Figure 3. Daily actual evapotranspiration in the centre be3saly plain according to
the three methods: FAO Penman-Monteith {-Tarlson-Buffum (EE) and Granger
(ETg) and illustration of the wind effect and the cgypwth stages.
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The simpler Carlson-Buffum method is also reprodgadn general the tendency and the variations
of the FAO Penman-Monteith method, but it yieldgéax deviations compared to the Granger method,
which do not seem to be influenced only by the wapeed. In contrast to the Granger method, its
estimates seem very satisfactory at the end ofitstehalf of the crop development stage, where the
estimation error has decreased from —1.7 mm (658ér@stimation) to +0.1 mm (2% overestimation).
In the second half of the crop development stage method shows again unsatisfactory
approximation, deviating from the reference valinesn —3.5 to +2.3 mm (-69% to +43%). During the
maturing stage, the method underestimates contgiyide daily actual evapotranspiration, with an
error ranging from 0.7 to 4.2 mm (-11% to —52%frthe reference estimations. If the value with the
largest error 4.2 mm (due to the wind effect ory Rilst) is ignored, the absolute error is reduced t
levels between 0.7 to 2.3 mm (—11% to —40%), stilatisfactory.

If the results of the methods are examined as geezgapotranspiration values per crop stage (table
1), during the development stage the Carlson-Buffa@thod approaches the reference FAO Penman-
Monteith method more closely (with 12% underestiorgt while during the maturing stage the
Granger method almost coincides with the referene¢hod (with 3% underestimation). But if the
results of the methods are considered for the peabd, larger deviations are taken for both mésho
(19% and 16%), so it is preferable to distinguisé éfficiency of the methods per stage or even per
parts of a stage.

In certain cases large deviations from the dailpacevapotranspiration were observed near the
boundaries of the study area.

6. Conclusions and discussion

The combination of ground and remotely sensed dataxtremely important in areas with
insufficient in-situ networks for monitoring the teerological variables as well as actual
evapotranspiration. The satellite data provide iagfhatdistributed estimates of albedo, normalised
difference vegetation index and surface temperaamabling the water managers to estimate the water
evaporating per day. The accuracy of the methodshnasng the regional evapotranspiration is
expected to increase even more if data from diffesatellite sensors with better radiometric and
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spatial resolution are integrated and combined wita NOAA-AVHRR imagery, such as the
LANDSAT Thematic Mapper (TM), SPOT HRV or ASTER sen data for deriving detailed land
cover maps in order to obtain accurate estimatethefspatial distribution of the crop relating
parameter.

In this study, the daily evapotranspiration wasugkted during the summer season of 2001 over the
irrigated plain of Thessaly, Greece. Three diffenerethods were adapted and applied: the remote-
sensing methods by Granger (2000) and Carlson amturB (1989) that use satellite data in
conjunction with ground meteorological measuremant an adapted FAO Penman-Monteith method
(Allen at al., 1998), which was selected to be riéference method. The satellite data were used in
conjunction with ground data collected on the thulesest meteorological stations.

The reference FAO Penman-Monteith method was addptspatially integrating the conventional
input data, such as the surface temperature andlbeelo, using their remotely sensed values. The
surface extrapolation of these variables enablede#itimation of the geographical distribution o th
evapotranspiration assessments and increasediti®lity of the results.

However, the other two methods that rely more anate sensing did not result in overall reliable
estimates. The Granger method has a stronger tleabrédackground and was more stable in
comparison with the Carlson-Buffum method. Howetlee, Granger method proved to be not reliable
in the first crop growth stage, in which it gavéuat evaporation rates greater than the refereA¢2 F
Penman-Monteith that is considered as the ceilpwgefitial evapotranspiration). On the other hand,
the Carlson-Buffum method is simpler and requireser conventional input data; nevertheless it
requires two satellite images per day for derivilagly temperature estimates. As a general conaiusio
it is preferable to distinguish the efficiency betmethods per stage or even per parts of a coopthyr
stage. The Carlson-Buffum method performed bettegissessing the daily actual evapotranspiration
during the first half of the crop development stagkile the Granger method performed better during
the remaining of the development stage and theeemi@turing stage.

Consequently, since there is no obvious best metitdd recommended that both methods are
further examined and developed. Other methods calstul be proposed and applied in order to check
their response overall or at the different cropwghostages. In any case, the results should bescros
validated with ground measurements and the refere®®© Penman-Monteith method should always
be considered as the ceiling. The role of wind dg®uld also be examined thoroughly, since ihés t
factor that has the biggest influence on the réiiglof the methods with remote sensing input. In
brief, there is undoubtedly big room for furthesearch and improvements.
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