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Abstract. Estimates of surface actual evapotranspirationto ecological protection programs, limited resources, or com-
(ET) can assist in predicting crop water requirements. Anpetitive demand (Piccinni et al., 2009).
alternative to the traditional crop-coefficient methods are the Production of certain crops involves changes in land uses
energy balance models. The objective of this research wathat might compromise water conservation strategies. This
to show how surface temperature observations can be useds of utmost importance in regions where determining crop
together with a two-source energy balance model, to deterwater requirements specific to each crop is key to provid-
mine crop water use throughout the different phenologicaling growers with information to select which crops to grow
stages of a crop grown. Radiometric temperatures were coland determine the timing and quantity of irrigation events
lected in a sorghumSorghum bicoloy field as part of an  throughout the growing season (MARA, 2009).
experimental campaign carried out in Barrax, Spain, dur- Actual evapotranspiration varies regionally and seasonally
ing the 2010 summer growing season. Performance of thaccording to weather conditions. The use of on-site meteoro-
Simplified Two-Source Energy Balance (STSEB) model waslogical data and crop coefficients enables the determination
evaluated by comparison of estimated ET with values meaof crop water use. However, generic crop coefficients will
sured on a weighing lysimeter. Errorss0.14mmhtand  not fulfill the need for precise irrigation applications, since
+1.0mmd ! were obtained at hourly and daily scales, re- they lack flexibility to account for temporal and spatial vari-
spectively. Total accumulated crop water use during the camation in crop water needs (Pinter et al., 2003), and specific
paign was underestimated by 5 %. It is then shown that thererop coefficients need to be developedez-Urrea et al.,
mal radiometry can provide precise crop water necessitie2009a,b,c). This can be a limitation for providing spatially
and is a promising tool for irrigation management. distributed regional ET information. The utility of the crop
surface temperature to detect crop water stress has long been
recognized, based on the fact that under stress conditions,
1 Introduction the water transpired by the plants evaporates and cools the
leaves, whereas in a water deficit situation, transpiration is
Understanding the surface actual evapotranspiration (ET) iscarce and canopy temperature increases (@enDugo et
essential for managers responsible for planning and manal., 2006; Pinter et al., 2003; Gardner et al., 1992; Jackson et
aging water resources, especially in arid and semi-arid real., 1981). This theory has been used to develop indices that
gions where crop water demand generally exceeds precipsombine meteorological data with thermal remotely sensed
itation and irrigation from surface and/or groundwater re-information to provide relative measure of plant water sta-
sources is then required to meet the deficit. This is partictus and health. The agricultural remote sensing literature
ularly important in areas where water usage is regulated du@bounds with examples of the application of thermal indices
to schedule irrigations in various crops (e.g., Moran et al.,
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Some authors such as Faver and O’toole (1989) or Choud- This paper is organized as follows. Information related to
hury and Idso (1985) used canopy temperature together witlhe study site, experimental set-up, and measured variables
the Penman-Monteith equation to estimate crop ET. Thesand parameters, is presented in Sect. 2. A summary of the
authors reported high correlation between lysimeter ET andnain equations and aspects of the STSEB approach is given
modeled ET from sorghum and wheat for selected days. Simin Sect. 3. Section 4 shows the analysis of the measured
ilar results were also found by Hatfield et al. (1983) and Jack—+adiometric temperatures and the estimated surface energy
son et al. (1983) but now focusing on a particular time of day.fluxes in the sorghum field. Modeled values of hourly and

Remotely sensed surface temperature as long been uselhily ET, together with the comparison with lysimeter ET
too as a key input to determine ET as a residual of the landneasurements, are included in this Section. Finally, main
surface Energy Balance Equation (EBE) (e.g. Bastiaansseoonclusions are given in Sect. 5.
et al., 1998; Su, 2002; Kustas and Norman, 1996; Pinter
et al., 2003; Gavilan and Berengena, 2007). For example,

Bashir et al. (2008) used the Surface Energy Balance Algo2 Study site and materials

rithm for Land (SEBAL) (Bastiaanssen et al., 1998), together

with Landsat/ETM+ and MODIS images to estimate ET of a This study was conducted during the summer of 2010
large irrigated sorghum area. Comparison with ET calcu-in the “Las Tiesas” farm, located between Barrax and
lated using the water balance approach, for 4 selected day#é\lbacete (Central Spain). Its geographical coordinates
showed an average absolute error around 0.9 mmidow- are: longitude 25’ W, latitude 3914'N, and its altitude is
ever, SEBAL requires heterogeneity in surface moisture con695ma.s.l. (Fig. 1a). The climate is semi-arid, Temperate
ditions. A dry or “hot” pixel, wherd_E is assumed to be zero, Mediterranean with 320 mm of annual rainfall, mostly con-
and a wet or “cold” pixel, wherd{ is expected to be zero, centrated in the spring and fall. Average mean, maximum
are required. Due to the difficulty to bring together theseand minimum temperatures are: 13.7, 24.0 and*@,5e-
two extreme conditions, SEBAL is not applicable to small spectively. For a more detailed description of the climate of
crop fields (Bastiaansen et al., 1998). These and some othéfe area seedpez-Urrea et al. (2006).

problems have been pointed out due to difficulties in quan- The soil is classified as Petrocalcic Calcixerepts (Soil Sur-
tification of aerodynamic resistances, especially under parvey Staff, 2006). Average soil depth of the experimental plot
tial fraction cover conditions (Hall et al., 1992). Two-Source was 40 cm, and is limited by the development of a more or
Energy Balance models may solve some of these limitationdess fragmented petrocalcic horizon. Texture is silty-clay-
by allowing the estimation of soil and canopy contributions loam, with 13.4 % sand, 48.9 % silt and 37.7 % clay, with a
to the total energy fluxes, including evapotranspiration (Nor-basic pH. The soil is low in organic matter and in nitrogen,
man et al., 1995; Li et al., 2005) A8chez et al. (2008, 2009) and has a high content of active limestone and potassium.
showed the potential of a simplified version of the two-source  To determine actual forage sorghu8pfghum bicolofL)
energy balance model (STSEB), when direct measurementiloench cv. H-133) ET, a weighing lysimeter was used
of radiometric surface temperature are available, in a corr(Fig. 1b). To schedule irrigation ETvalues were calculated
crop and a forest ecosystem, respectively. from daily mass loss minus drainage loss and the mass added

In this paper, the STSEB model will be used together withfrom irrigations and/or rainfall. In the lysimeter lost water
thermal radiometry to determine ET values in a sorghumwas replaced, maintaining non-limiting soil water content.
crop. Necessity to explore water use of sorghum as a potenfhe lysimeter is located in the center of a 100<ri00 m
tial biofuel source motivated the selection of this crop for the plot, where sorghum sowed on 27 May in 2010 (DOY 147)
present study. In this work we focus on a forage sorghumin rows (N-S orientated) of 35-cm spacing. Plant popula-
field located in “Las Tiesas” experimental site in Barrax, tion was 21 plants m?. Plant samples from three separate
Spain. A field campaign was carried out in the summerareas were obtained periodically to measure crop develop-
growing season of 2010 with the aim of studying water bal-ment. Leaf area index (LAl), fractional vegetation cover
ance techniques and water necessities of energetic crops. @), and crop heighti{) were measured from the three sam-
weighing lysimeter was placed in this site to register sorghumples. Sorghum reached a maximum crop height of nearly
ET values, and two Infrared Thermal radiometers (IRT) were5m, a maximum LAl of 11 rim~—2, and the final harvest dry
installed to measure surface temperatures. matter was around 2.7 kgTA. According to MARM (2009),

The main objective of this study is to present this methodthe average yield in Spain for irrigated forage sorghum re-
as a simple and feasible technique to determine short andults 3.8 kg m2.Field harvest was on 23 September in 2010
long-term crop water use from thermal infrared radiometry (DOY 265).
and ancillary meteorological data, under clear and cloudy sky The whole plot has a permanent sprinkler irrigation system
conditions and covering different stages of the crop developwith sprinklers placed on a grid of 2612.5 m that provide
ment, that could be further used as an alternative to weighing precipitation rate of 8.6 mntH. The lysimeter container
lysimeters required to determine irrigation needs or to cali-is 2.7 m long, 2.3 m wide and 1.7 m deep, with an approxi-
brate crop coefficient based algorithms. mate total weight of 14.5 Mg. Efforts were made to keep the
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Fig. 1. (a)Location of the experimental sit€b) Lysimeter placed in the center of the sorghum field (picture from DOY 1¢&J))Exper-
imental assembly of the two Apogee IRTs over the incipient sorghum (picture from DOY (d)2)adir view of the developed sorghum
(picture from DOY 196).

crop inside the lysimeter at the same growth rate and planET in the lysimeter with a resolution of 0.04 mm equivalent
population (21 plants ) as the crop outside to minimize water depth. The sample frequency was 1 s, and a reading
edge effects. The lysimeter soil-containing tank sits on awas registered by a datalogger (CR10X, Campbell Scien-
system of scales with a counterweight that offsets the deadific Ltd., Logan, Utah, USA) every 15min . Additional in-
weight of the soil and the tank. The de-multiplication fac- formation about the technical features of the lysimeter may
tor of the system is 1000:1. A steel load cell (model SB2, be found in lopez-Urrea et al. (2006). The lysimeter read-
Epelsd Ind., S.L.) is connected to the system of balances.ings were checked daily to identify individual readings that
The balance-beam weighing system allows measurements afere not explained by natural processes of water input and
loss. Data losses occurred during irrigation and precipita-
Trade and company names are given for the benefit of thellON events, weight and calibration verifications, and once,
when the soil inside the lysimeter tank was cultivated. The

reader and imply no endorsement by the authors.
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resulting data were compiled to obtain the measurement of In this work, a Simplified version of a Two-Source con-

sorghum ET. figuration of the Energy Balance (STSEB)af®hez et al.,
Starting on 19 June (DOY 174), radiometric surface tem-2008) was used. According to this approach, the addition be-

perature was measured, using an Apogee SI-211 thermal Irtween the soil and canopy contributions (values per unit area

frared Radiometer (IRT). This radiometer has a broad ther-of component) to the total sensible heat flék, and H, re-

mal band (6—14 pm) with an accuracy £0.3°C, and 28 spectively, are weighted by their respective partial areas as

field of view. It was placed at a height of 2m above the follows:

canopy level at anytime, looking at the surface with nadir

view (Fig. 1c,d). Sky brightness temperature was measured = FvHet (1= P)Hs )

by a second Apogee radiometer pointing at the sky with anwhere P, (without a view angle argument) refers to the frac-

angle of 53 (Rubio, 1998). These radiance values were usedion cover at nadir view (i.e9 = 0°). In Eq. (3),Hs and H,

for the atmospheric correction of the surface temperatureare expressed as:

IRTs were calibrated before the experiment. The calibration

. T.—T.
was done using a blackbody source (Model Land P8OP). TheH = pC, ——— (4)
calibration encompassed a wide range of temperatur8s ( "a
to 50°C), exceeding those experienced in the field. Unfortu- Ts—Ta

nately, measure of surface temperature failed after 9 SeptemHS =pCp )
ber (DOY 249), reducing our study period to 75 days.

Solar irradiance (model CM14, Kipp & Zonen Delft, Hol- Where pC, is the volumetric heat capacity of air
land) and incoming long-wave radiance (model CG2, Kipp (3 K™*m™3), 7, is the air temperature at a reference height
& Zonen Delft, Holland), wind speed (model A100R, Vector (K), rI'is the aerodynamic resistance to heat transfer between
Instruments Ltd., UK), air temperature and relative humid- the canopy and the reference height at which the atmospheric
ity (model MP100, Campbell Scientific, Logan, UT) were data are measured (s, r3 is the aerodynamic resistance
measured 2 m above local terrain at an adjacent weather st&0 heat transfer between the poiy +d (zom: canopy
tion placed over a reference irrigated fescue grass surfaceoughness length for momentund; displacement height)
(Fig. 1a). Reference evapotranspiration, Elas also de- and the reference height (s, 5 is the aerodynamic resis-

termined using the FAO56 Penman-Monteith method (Allentance to heat flow in the boundary layer immediately above
etal., 1998). the soil surface (s m'). A summary of the expressions to es-
timate these resistances can be seeraimcBez et al. (2008).
Equations (4) and (5) are taken from the parallel configura-
3 Model description tion of the TSEB model (Norman et al., 1995; Li et al., 2005),
. modified to take into account the distinction betwegrand
The net energy balance of the soil-canopy-atmosphere sy« s gistinction is necessary since transport of heat and
tem is given by: momentum is not equally efficient over the canopéir{§hez
Rhn=H+AET+G 1) et al., 2008).
The patrtitioning of the net radiation fluk,, between the
soil and canopy is proposed as follows:

a S
rg+r3

whereRj is the net radiation flux (W m?), H is the sensible
heat flux (W nT2), AET is the latent heat flux (W rf), and

G is the soil heat flux (Wm?). Some other minor terms Ry = PyRnc+ (1— Py) Rns (6)
such as photosynthesis, advection or canopy storage have _ .
been neglected in Eq. (1). The effective radiometric surfaceWherGRnC andRns are the contributions (values per unitarea

temperature in the same systef,(K), can be obtained as a ?ftclo mpt)onglntt)_ of ftlhe (EI‘_”‘;Opy and fo'l't rzst? eCt'\t/egl'Z th9 the
weighted composite of the soil temperatufg(K), and the otalnet radiation flux. 1hey are estimated by establishing a

canopy temperaturd (K): balance between the long-wave and the short-wave radiation
¢ ' separately for each component:

1/4
4 _ 4
Tr= |:PV(9)ECTC + (i' Po0)esTs :| (2) Rnc=(1—ac)S+ecLsky—&co Tc4 (7)

. e Rns:(1—()[5)S+85L5ky—850Ts4 (8)
whereec, andss, are the canopy and soil emissivities, respec-

tively, ¢ is the effective surface emissivity, am(0) is the where S is the solar global radiation (Wn¥), «s and o
fractional vegetation cover for the viewing angle Using  are soil and canopy albedos, respectivelyis the Stefan-
Eq. (2), values of ; and7s can be retrieved from a system of Boltzmann constant, antkyy is the incident long-wave radi-
two equations with 2 unknowns if measuresTafare avail-  ation (W nT2). Note that longwave emission from one com-
able at two different view angles. However, an additional ponent over the other is not accounted since no direct cou-
assumption is required when measures from the second viewling is considered between soil and vegetation in the STSEB
angle are missing (Norman et al., 1995n8hez etal., 2008). scheme (8nchez et al., 2008).
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Fig. 2. (a)Evolution of the modelled sorghum height during the experiment (line) superposed to the field measurementis)(Botdution
of the modelledP, during the experiment (line) superposed to the field measurements (dots), together with the modelled effective emissivity.

A similar expression is used to combine the soil andthe only component exchanging energy with the atmosphere.
canopy contributionsjETs and AET,, respectively, to the Then,7r =T¢ in Eg. (2), and transpiration is responsible of

total latent heat flux: the total ET of the crop system. Also, differences between
T; andT; are less than 9C for non-stressed canopies, which
AET=PAETc+(1— Py)AETs ©) yields minor values for the sensible heat flux. Under these

According to this framework, a complete and independentconditionskET becomes the dominant flux in the right term
energy balance between the atmosphere and each componéﬁtE_lq'bfl)j Srl]r)ce S(()j'l t?mperat_urle measure:jngnts were not
of the surface is established, from the assumption that all th&/&! adTe In t |sdstu Y, prf parge; cover con |t|on§ We.?]s'
fluxes act vertically. In this way, the component fluxes to the Sumedlc ~ Ta andTs was inferred from Eq. (2) together wit

total latent heat flux can be written as: the measuredr values. o
Apogee IRT measurements were corrected for emissivity

AETe = Rnc— Hc (20) and atmospheric effect using the radiative transfer equation
adapted to ground measurementar(&ez et al., 2008). Val-
AETs= Rns— Hs— _6 (11)  ues ofec=0.985+0.011 andss = 0.960+0.013 were used
1-~r) for this study (Rubio et al., 2003). Effective surface emis-

sivity, ¢, was calculated following the method proposed by
Valor and Caselles (1996) (see Fig. 2b). The downwelling
long-wave radiance, required for the atmospheric correction,
G=Cg(1— P)Rns (12) was determined from the IRT values registered by the second
_ _ Apogee pointing to the sky (Rubio, 1998).

whereCG can vary in a range of 0.2-0.5 depending on the Temperatures of the sunlit and shaded portions of a com-
soil type and moisture. ponent (soil or vegetation) differ some degrees. Thanks to
the wide field of view of the Apogee radiometers, and their
deployment configuration over the sorghum, measured val-
ues of T, and estimated values @f, accounted for both
4.1 Radiometric temperatures sunlit and shaded portions of the soil and canopy.

Figure 3 shows four examples of the diurnal evolution
Growth cycle of the sorghum plants was captured by interpo-of the gradient7r-T,, representative of different vegeta-
lation from the periodic measurements taken over the courséon cover conditions: two for intermediate vegetation cover
of the experiment. A third order regression equation waswhen the soil component is still visible (DOY 184, 185),
used for the canopy height (Fig. 2a). For the fraction cover,and two for full cover conditions (DOY 229, 236). Further-
measured values also fitted a third order equatiorP{ot 1, more, these four examples are also representative of a variety
whereas a constant value Bf =1 was assumed from DOY of cloud cover conditions: one cloud-free day (DOY 236),
200 to the end of the experiment (Fig. 2b). Under these conone fully overcast day (DOY 229), and a couple of partially
ditions of full vegetation coverage the two-source schemecloudy days (DOY 184, 185). Surface temperature was gen-
becomes a single-source approach, with the vegetation asrally warmer than air temperature during the middle of the

Finally, G can be estimated as a fractiof{) of the soil
contribution to the net radiation (Choudhury et al., 1987):

4 Results
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Fig. 3. Diurnal evolution of the gradient between sorghum radiometric temperature and air tempgEt®Y 184, (b) DOY 185, (c)
DOY 229,(d) DOY 236.

day. This difference was minimum for full vegetation cover to calculate the aerodynamic resistances required in Egs. (3)
conditions &1°C), and increased with the amount of soil and (4). These resistances together with the surface and air
exposed (Fig. 3). Irrigation was scheduled according to thetemperature data yieldedresults. A value o =0.2, ap-
water loss determined by the lysimeter throughout the grow-propriate for wet soils (Choudhury et al., 1987), was assumed
ing season to ensure enough water availability for transpirain Eq. (12) to estimaté& values.

tional cooling, avoiding plant water-stress and then warming Figure 4 shows hourly values of all flux components in
of the canopy temperature. At night, thermal inversion ap-Eq. (1). Note that, as a residual of the EBET is princi-
peared and surface temperature was °&-8ooler than air  pally controlled byR,, and modulated by/. For our study
temperature. This difference can be even higher for rainperiod most available energy was partitioned.E6T. H was

fall or irrigation events. These temperature gradients controthe dominant term for first weeks after planting, when the
the exchange of H between the surface and the atmospher&action cover was still very low, but unfortunately measure

adding or reducing energy to the availalig of Tr started on DOY 174 and data are not available for that
period.
4.2 Modelled ET Values of latent heat flux were converted in ET values, di-

viding by the latent heat of vaporizatioh, and compared
Surface temperature was used, together with registered soléao ET water loss registered by the lysimeter. Figure 5 shows
radiation and downwelling long-wave radiation, to calculate four examples of the diurnal evolution of these hourly ET
Ry, from Egs. (5) and (6). Values 0.13 and 0.23 (Castrignan values. STSEB estimations of ET match the measured ET
et al., 1997) were used for the soil and canopy albedo, revalues under a wide range of vegetation cover fractions and
spectively, although possible changes in albedo are possibleloudy sky conditions. Note that energy balance models
Wind speed measurements from the adjacent weather statigrield ET values also under rainfall or irrigation conditions
(representative of the values over the sorghum due to the flavhen the lysimeter measure is compromised. Two examples
terrain and the 60-min temporal averages used) were usedf this effect can be observed in plots 5b and 5c, where ET
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Fig. 4. Diurnal evolution of the sorghum flux components of the energy balance equation, together with the solar global réaji&tow:
184, (b) DOY 185,(c) DOY 229,(d) DOY 236.

measured drops as a consequence of an irrigation event aftenderestimate highest and lowest ET values, respectively.
22 hours DOY 185 and due to a rainfall event between 12However, on average STSEB model reproduced lysimeter
and 15h DOY 229, respectively. Also, the quick response ofhourly ET measurements with negligible systematic devia-
the energy balance models to changes in environmental cortion, and a RMSD of:0.14 mmh!. Thus, a relative error
ditions can be observed in DOY 184, in which after a cloudy of 22 % was obtained for instantaneous ET.

morning the sky clears between 12 and 14 h before getting Beyond the performance of a model at an instantaneous
cloudy again (Fig. 4a). Figure 5a shows how modelled ETscgle, what is really important from the point of view of the
values peak for this interval, consequence of the increase iﬂrigation planning or the water saving is the capacity of a
available net radiation, whereas measured ET does not.  model to estimate daily ET values, and further cumulative
Since night-time ET was generally negligible, hourly av- water loss by evapotranspiration. Figure 7 shows the evolu-
erages between 7 and 21 h were used for the quantitative tetibn of the daily ET values modelled and measured for the
of the STSEB model. With this filtering we tried to avoid experiment duration. For a first stage, when the energy bal-
events such as irrigation (around midnight) or early morn-ance was still influenced by the exposed soil surrounding the
ing dew. Rainfall events were also excluded from the hourlysorghum plants, the average trend of daily ET was to increase
analysis. More than 1000 single observations were used fowith the vegetation fraction cover. Daily ET peaked by mid-
the comparison of the diurnal ET values (Fig. 6a). Besidesdle July, with values reaching 10 mm4 and then decreased
the linear regression, the accuracy of prediction was quantiuntil beginning of September. Lowest daily ET values, close
fied using the Root Mean Square Deviation (RMSD) betweento 2 mm d-1, were observed for some cloudy and rainy days
estimated and measured ET values. The systematic devidy middle August. A total of 73 days were used for the quan-
tion was illustrated by the biased estimator (Bias), and thetitative comparison, with the only exclusion of rainy days
relative error by the Mean Absolute Percentage Differencewith registered rainfall amounts over 5 mm. Modelled values
(MAPD) (Willmott, 1982). Figure 6a shows the overall good underestimated by 0.3 mnTd lysimeter daily ET measure-
agreement between modelled and measured instantaneousents, with a RMSD oft1.0mmd? (Fig. 6b). Thus, a
ET values. STSEB model tended to slightly overestimate andelative error of 12 % was obtained for daily ET. A similar
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Fig. 6. Modelled (STSEB) versus measured (lys) sorghum evapotranspirgtphourly values,(b) daily values. Results of the linear
regression fit, together with the main statistics of the comparison (Bias, RMSD, and MAPD), are also included.

RMSD value of+0.9 mmd?! and underestimation of 6% coefficient to estimate ET in a sorghum field. Comparison
was observed when daily ET values were calculated usingvith Bowen Ratio energy balance method showed a RMSD
the standard FAO56 methodology (Allen et al., 1998). value of£0.84 mmd1.

These results are in agreement with some recent works. Figure 8 illustrates the growing season rainfall and irri-
For instances, Kato and Kamichika (2006) used a dual cromation along with the modelled and measured cumulative
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Fig. 7. Evolution of the sorghum daily ET values modelled /
(STSEB) and measured (lys) for the experiment duration. Rainfall 0

and irrigation water quantities are also plotted.
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DOY
ET. For the 75-day period studied in this work a total ET
of 524 mm Wa§ measured by the lysimeter, very close.toFig_ 8. Cumulative modelled (STSEB) and measured (lys) sorghum
the 500 mm estimated from the STSEB model together WitheT cymulative rainfall and irrigation applied is also plotted.
sorghum radiometric temperatures as input. For the same
period, the total rainfall registered was 33 mm, and a total
irrigation of 506 mm was applied. Thus, cumulative ET ob- to determine irrigation needs or to calibrate crop coefficient
tained by the STSEB model underestimated 5 % the lysimepased algorithms.
ter register.

These results illustrate the ability of surface temperatureacknowledgementsThis work has been funded by the Spanish
together with energy balance to estimate both short-term and&cience and Innovation Ministry (projects AGL2009-13124,
long-term ET rates, and then to determine crop water neces=GL2010-17577, and CSD2008-00040, and Juan de la Cierva
sity and schedule crop irrigation. This study will be further contract of J. M. @nchez), Generalitat Valenciana (project PROM-
completed with the application to other biofuel crops suchETEO/2009/086) and the JCCM (projects PEIC11-0170-8185

as sunflower and maize, with particular emphasis on thei@"d PP1110-0319-8732). The authors would like to thank the
sparse growth phase. logistical support in operating and maintaining the instrumentation

of Laura Martnez, Angel Gara and Miguel Gmez. Also, the
authors express their gratitude to the Regional Development Insti-

5 Conclusions tute of the University of Castilla-La Mancha for providing the IRTs.

This work was motivated by an increasing production of en-Edited by: N. Basu

ergetic crops in semi-arid regions and the need to determine

their water requirements. This study focused on the evalua-

tion of a two-source energy model to estimate crop water ne-
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