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ET values, respectively, whereas an underestimation no 
>4 % resulted from the entire campaign. Partition between 
soil and canopy components yielded a ratio of evapora-
tion (E) to transpiration (T) of 36–64 %, respectively, for 
the total growing season. Dual crop coefficients were also 
calculated and compared to those proposed by FAO-56. 
Although separate E and T measurements were not avail-
able, similar results between the STSEB and FAO-56 mod-
els demonstrate the utility of the STSEB for investigating 
management strategies aimed at increasing crop water use 
efficiency.

Introduction

Better management of water resources becomes critical for 
sustainable development as a consequence of increasing 
global water demand and severity of droughts. Nowadays, 
crop irrigation remains the main source of water consump-
tion. This work focuses on wheat, which is one of the most 
important crops worldwide, covering a total area of 218 
million ha in 2013. In the European Union (EU), more 
than 25 million ha was cultivated in the year 2013 with 
a production of 143.3 million tons, approximately 20 % 
of world production. Spain is the fifth producing country 
within the EU, with an area of 2.1 million ha and a produc-
tion of 7.6 million tons (FAO 2014). Wheat area in Spain 
has increased almost 20 % in the past 4 years. Castilla y 
León is the Spanish region with the largest surface area 
of wheat (around 780,000 ha), while Castilla-La Mancha 
holds second place with nearly 320,000 ha (MAGRAMA 
2014). In this framework, understanding the land–atmos-
phere energy exchanges over wheat crop becomes impor-
tant not only for agronomy but also for climatic and mete-
orological aspects.
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The most common approach widely used for calculating 
the soil water balance and estimating crop water require-
ment is the FAO-56 method (Allen et al. 1998). Accord-
ing to FAO-56, crop actual evapotranspiration (ET) is esti-
mated by the combination of a reference evapotranspiration 
(ETo) and crop coefficients. There are two different FAO-56 
approaches: single and dual crop coefficients. The single 
crop coefficient approach is used to express both plant tran-
spiration and soil evaporation combined into a single crop 
coefficient (Kc). The dual crop coefficient approach uses two 
coefficients to separate the respective contribution of plant 
transpiration (Kcb) and soil evaporation (Ke), each by individ-
ual values (Allen et al. 1998). This dual crop coefficient tech-
nique can improve the accuracy of ET estimation although 
it requires calibration of the coefficients. This technique has 
been widely applied and explored under a variety of climatic 
conditions worldwide (Hunsaker et al. 2005; Williams and 
Ayars 2005; López-Urrea et al. 2009, 2012, 2014; Campos 
et al. 2010; Howell et al. 2012; Zhang et al. 2013; Ghamar-
nia et al. 2014). All these authors agree that crop coefficient 
values taken from the literature may serve as a starting point 
for irrigation scheduling, but corrections to these initial val-
ues become necessary to adjust to local conditions since 
considerable errors may occur due to their empirical nature. 
With this aim, many authors have shown the possibility of 
using remote sensing measurements to estimate crop water 
requirements and then improve irrigation scheduling and 
water productivity. Focusing on wheat, López-Urrea et al. 
(2009) determined crop coefficient of this crop in the semi-
arid climatic conditions of central Spain, using a weighing 
lysimeter. These authors showed good agreement with the 
values proposed by FAO-56 and published by other authors. 
Gontia and Tiwari (2010) generated monthly crop coefficient 
maps of wheat croplands in India from vegetation indexes 
information and used those to estimate ET maps. Zhao et al. 
(2013) adopted the dual crop coefficient approach to simulat-
ing the soil water balance in winter wheat in the North China 
Plain (NCP) and tested the SIMDualKc model. Gao et al. 
(2014) calibrated this model in the same Chinese region 
with data from a winter wheat but with subsurface drip irri-
gation. Shahrokhnia and Sepaskhah (2013) used weighing 
lysimeters to evaluate and calibrate the values proposed by 
FAO for the daily crop coefficient and ET of wheat in the 
Fars province, Iran. Yang et al. (2014) used a complemen-
tary relationship model coupled with an evaporative fraction 
(EF) approach to estimating ET of winter wheat in the NCP, 
based on meteorological data and a high-resolution IKONOS 
image. Farg et al. (2012) estimated crop coefficients for 
wheat in the south Nile Delta of Egypt using vegetation 
indices derived from SPOT-4 satellite data. Zhang et al. 
(2015) used MODIS data with an energy balance ET model 
(EBEM) to estimate daily ET in the NCP, and the results 
were compared to lysimeter measurements.

The combination of two-source energy balance with 
local radiometric temperatures has been shown to effec-
tively estimate actual ET values under a variety of crops 
and environmental conditions (French et al. 2007; Sánchez 
et al. 2008, 2011; Colaizzi et al. 2012; Kustas et al. 2012). 
The main limitation to the operational application of this 
technique at a regional scale is the retrieval of land surface 
temperature from satellite data with the sufficient spatial 
and temporal resolutions, especially in those agricultural 
areas composed of cropped fields smaller than 1 ha. Nowa-
days, none of the operating satellites offer the combination 
of spatial and temporal resolution of thermal infrared (TIR) 
bands needed for these applications. However, significant 
progress is being made in disaggregation techniques for 
downscaling information of TIR bands using higher-reso-
lution visible/near-infrared (VIS/NIR) bands (Agam et al. 
2007; Bindhu et al. 2013; Gao et al. 2012). This is expected 
to bring the opportunity to use some operating satellites 
such as SPOT, DEIMOS, or FORMOSAT, and others com-
ing soon, such as the promising SENTINEL-2, which do 
not include TIR bands but will offer high-resolution VIS/
NIR images (10–20 m). In a recent paper, Sánchez et al. 
(2014) applied this technique to separate evaporation (E) 
and transpiration (T) components, and those were used 
to predict dual crop coefficients for sunflower and canola 
crops. A new experiment was carried out in the spring 
growing season of 2014 in a wheat field located in a semi-
arid region of central Spain. The methodology and experi-
mental setup were similar to those already described in 
Sánchez et al. (2014), so the aim of this work is presenting 
the new results for a wheat crop and reinforcing the poten-
tial of thermal infrared measurements as an alternative 
technique to FAO-56 for the evaluation and partitioning of 
ET into E and T components. This can be also considered 
a useful tool for the local adjustment of the FAO-56 crop 
coefficients.

Materials and methods

This experiment was carried out in “Las Tiesas” experi-
mental farm (2º5′W, 39°3′N, 695 m a.s.l) located in the 
semiarid, temperate Mediterranean province of Albacete 
(central Spain) from February to June 2014. The study site 
is a 100 m × 100 m field with a weighing lysimeter (2.7 m 
long, 2.3 m wide, and 1.7 m deep) installed in the center of 
the plot characterized by a resolution of 0.04 mm equiva-
lent water depth. Weighing lysimeters are presently the 
most accurate method to measure ET (Howell et al. 1995). 
The soil is classified as Petrocalcic Calcixerepts. Average 
soil depth of the experimental plot is 40 cm and is limited 
by the development of a more or less fragmented petroc-
alcic horizon. Texture is silty clay loam, with 13 % sand, 
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49 % silt, and 38 % clay, with a basic pH (8.1). The soil is 
low in organic matter (1.48 %) and nitrogen (0.10 %) and 
has a high content of active limestone (12.5 %). For a more 
comprehensive description of the site and technical features 
of the lysimeter, see López-Urrea et al. (2006) and Sánchez 
et al. (2011).

Wheat (Triticum aestivum L. cv. ´Califa´) was sowed 
on February 4 in rows 15 cm apart with a seed popula-
tion of 550 seeds m−2 (Fig. 1). Measurements started on 
12 February (DOY 43) and lasted to 30 June (DOY 181). 
Efforts were made to keep the crop inside the lysimeter at 
the same growth rate and plant population as the crop out-
side to minimize edge effects. The whole plot has a perma-
nent sprinkler irrigation system with sprinklers placed on a 
grid of 15 m × 12.5 m that provide a precipitation rate of 
8.6 mm h−1. During the experiment, wheat was irrigated, 
avoiding water stress conditions at anytime. Fractional veg-
etation cover (Pv) and crop height were measured weekly, 
and then modeled for the entire experiment, to monitor 
crop development (Fig. 2). The fractional vegetation cover 
(Pv) was determined using a supervised classification 
technique of digital photographic images with the maxi-
mum probability algorithm (Calera et al. 2001), in order 
to assign the current classes of green vegetation and soil 

in the image, based on the classic methodology for calcu-
lating green plant cover developed by Cihlar et al. (1987). 
Digital photographs acquired weekly over the lysimeter 
area were always taken at solar noon and vertically from 
an approximate height of 2 m above ground. Supervised 
classification of these digital images was later carried out 
with the help of the ENVI® computer program. Crop height 
(h) was measured also weekly, in plant samples from three 
separate areas, as the distance between ground level and the 
peak of the plant. Best fitting values for both Pv and h data 
series were used to reproduce their curves for the entire 
experiment.

Three Apogee SI-121 thermal infrared radiometers 
(IRT) (Apogee Instruments, Logan UT, USA) were used in 
this experiment. These are broadband thermal instruments 
(8–14 µm) with an accuracy of ±0.2 °C, a 18° field of view, 
and a valid temperature range from −30 to 65 °C. One was 
placed at a height of 2 m over the lysimeter spot, looking at 
the surface with nadir view and measuring the composite 
target temperature (TR). A second radiometer was placed 
at a height of 20 cm directly pointing to the soil between 
rows (Fig. 1) to measure soil temperature data (Ts). Canopy 
temperature (Tc) values were inferred from TR and Ts, using 
Pv information, as described in Sánchez et al. (2014). This 
experimental setup avoids limitations in obtaining Tc using 
IRTs with a near-horizontal view, especially for low values 
of Pv.

All temperatures were corrected for emissivity and 
atmospheric effects. At this point, downwelling sky radi-
ance was calculated from sky brightness temperature val-
ues measured by a third Apogee radiometer pointing at the 
sky with an angle of 53°. Values of εc = 0.987 ± 0.005 and 
εs = 0.960 ± 0.013 were used for this study (Rubio et al. 
2003).

Fig. 1  Experimental setup over the lysimeter for DOYs 55 and 129 
(top), and view of the wheat field conditions for DOYs 153 and 174 
(bottom)
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Fig. 2  The 2014 wheat season phenology showing fractional vegeta-
tion cover (Pv) and the canopy height (h). Marks correspond to meas-
ured values and lines represent modeled behavior
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Air temperature (Ta) and relative humidity (Hr) were 
measured using a HMP50 probe (Vaisala Inc., Helsinki, 
Finland). Wind speed (u) was measured by an anemometer 
(model A100R, VectorInstruments Ltd., UK). Solar irradi-
ance (S) (model CM14, Kipp & Zonen Delft, Holland) and 
incoming long-wave radiance (Lsky) (model CG2, Kipp & 
Zonen Delft, Holland) were also measured. Net radiation 
(Rn) was measured by a NR-Lite sensor (Kipp & Zonen, 
Delft, The Netherlands) mounted over the lysimeter spot. 
Soil moisture (SM) was monitored using a capacitance sen-
sor (10HS ECH2O, Decagon Devices Inc., Pullman, WA) 
at 10 cm depth. All data were stored every 15 min, using 
a CR-1000 datalogger (Campbell Scientific Inc., Logan, 
USA), and averaged at hourly scale. Table 1 lists a sum-
mary of the mean values of these variables and parameters 
for the entire experiment.

In this work, a simplified version of the two-source 
energy balance (STSEB) (Sánchez et al. 2008) was applied 
to estimate total and separate soil and canopy energy fluxes 
using the radiometric temperatures, biophysical informa-
tion, and meteorological data as inputs. A summary of the 
different equations, parameters, and methodological proce-
dure of the STSEB model is included in the “Appendix.” 
The reader is referred to Sánchez et al. (2008) and (2011) 
for a more comprehensive description. This approach was 
conceived to be applied when the radiometric tempera-
tures of both soil and canopy are known or at least one of 
them together with the composite temperature TR. How-
ever, application of STSEB is also possible when only TR 
is available, upon the inclusion of some assumptions as 
part of the approach, for example an initial calculation of 
canopy transpiration using the Priestley–Taylor equation 
(Priestley and Taylor 1972). A scheme of this formulation 
of the STSEB-TR model is included in the “Appendix.” 
A test of this version of the model (STSEB-TR) was car-
ried out, and results were compared to the pure STSEB 
approach.

Agreement between modeled and measured values of 
the surface energy fluxes is analyzed in this paper in terms 
of the parameters of the linear regression adjustment (slope, 

intercept, and determination coefficient, r2), the root-mean-
squared error (RMSE), and the mean bias error (MBE) 
(Willmott 1982).

Results and discussion

Comparison between STSEB and STSEB‑TR

Results of the different terms of the energy balance equa-
tion were obtained and averaged at an hourly scale, apply-
ing both the original STSEB and the modified STSEB-TR 
formulations (see “Appendix”). Figure 3 shows the com-
parison between the two version outcomes. Differences 
between the two formulations are negligible in terms of net 
radiation (Rn) and soil heat fluxes (G), with RMSE values 
lower than 5 W m−2. Some discrepancies arise in terms of 
the sensible heat flux (H), with a RMSE = 20 W m−2. This 
absolute error is maintained in ET estimates. However, the 
non-water-stressed status of this wheat experiment masks 
this deviation in ET since H is a minor term compared to 
Rn under these conditions. Nevertheless, a slight underes-
timation of ET is observed with the STSEB-TR approach, 
more evident for large ET values. These results give confi-
dence to the application of the STSEB-TR scheme in those 
scenarios where only the composite target temperature 
is available and non-water-stressed conditions are preva-
lent. Further adjustments in the Priestley–Taylor approach 
would be required under different surface and environmen-
tal conditions (Colaizzi et al. 2012).

Modeled wheat ET

An accurate estimate of the net radiation is critical for 
obtaining accurate LE values. Figure 4a shows the com-
parison between modeled and observed values of Rn. A 
RMSE value of ±35 W m−2, corresponding to an average 
relative error of ±10 %, was observed for both the origi-
nal STSEB and the STSEB-TR calculations. These results 
are very close to the value of ±7 % obtained in Zhang 

Table 1  Mean values of the meteorological variables: air tempera-
ture (Ta), relative humidity (Hr), wind speed (u), solar irradiance (S), 
reference evapotranspiration (ET0), soil moisture at −10 cm (SM), 

and cumulated precipitation (Prec.) and irrigation (Irr.), at the wheat 
plot for the entire experiment

a Starting 12 February

Ta (°C) Hr (%) u (m s−1) S (W m−2) SM (m3m−3) Prec. (mm) Irr. (mm) ET0 (mm day−1)

Februarya 7.3 60 4.2 134 0.28 8 16 1.9

March 8.8 66 3.9 196 0.28 2 70 2.9

April 13.8 69 3.0 255 0.27 37 46 4.2

May 15.9 60 2.6 302 0.28 5 183 5.3

June 20.1 59 2.4 305 0.25 43 119 5.6
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et al. (2015) over wheat. Colaizzi et al. (2012) applied the 
original TSEB approach, using separate measurements of 
Ts and Tc, to an irrigated cotton crop and observed a very 
similar RMSE of ±30 W m−2 in the retrieval of Rn. Very 
good agreement was observed also by these authors when 
comparing TSEB and a modified TSEB-TR formulation 
(Colaizzi et al. 2012), in terms of Rn estimates.

Hourly values of ET, ranging between −0.2 and 
1.2 mm h−1, were compared to lysimeter measurements 
(Fig. 4b). Using the original STSEB model, a root-mean-
square error of ±0.11 mm h−1 was obtained, and the bias 
was negligible. Similar RMSE = ±0.11 mm h−1, with an 
underestimation of −0.03 mm h−1 and a slightly larger 
scatter, resulted from the application of the STSEB-
TR approach. These results are an improvement over 
Sánchez et al. (2011) and (2014), where RMSE values 
close to ±0.20 mm h−1 for sunflower and canola, and 
±0.14 mm h−1 for sorghum, were observed.

The original STSEB approach will be used hereafter for 
the rest of the analysis since, as shown above, it seems to 
reproduce slightly better results than the STSEB-TR in this 
work.

The evolution of the daily ET (ETd) values, modeled and 
measured, is shown in Fig. 5a. Average ETd value remained 
below 3 mm day−1 until the end of March, peaked 
9–10 mm day−1 between middle May and middle June, and 
declined afterward during the grain filling through physi-
ological maturity period. In general, lysimeter ETd values 
are well captured by the STSEB model estimates for the 
entire wheat growing season, except very few days when 
some rain events occurred and the lysimeter measure had 
to be recalculated. Following these precipitation events, 
and very few other weight and calibration verifications, 
the lysimeter mass data were interpolated using measure-
ments made immediately prior to and immediately follow-
ing dates that required adjustments. As shown in Fig. 5b, 
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discrepancies were within ±1.0 mm day−1 for more than 
85 % of the dataset.

Quantitative analysis of the comparison between 
modeled and observed daily ET (ETd) shows an aver-
age underestimation of 0.18 mm day−1 with a RMSE 
value of ±0.8 mm day−1 and a determination coefficient 
(r2) of 0.903 (Fig. 6). Results are again in agreement 
with those obtained in Sánchez et al. (2011) and (2014), 
where RMSE values of ±1.0 mm day−1 were observed 
for sorghum, sunflower, and canola and very close to the 
RMSE = ±1.1 mm day−1 shown by Colaizzi et al. (2012) 
in irrigated cotton fields also using weighing lysimeters. 
These authors pointed out an underestimation of the TSEB 
early in the season and an overestimation later on, when 
using direct Ts and Tc measurements. Note that these direct 
Tc and Ts measurements consider the contribution of the 
entire canopy and soil, respectively, accounting for sun-
lit and shaded portions, and this proportion varies with 

time of day and canopy structure. Also, some experimen-
tal limitations arise when measuring Tc using IRTs with 
near-horizontal view for low vegetation cover conditions 
(Colaizzi et al. 2012), resulting in an overestimation of 
the canopy temperature that yields a subsequent underes-
timation of ET. Colaizzi et al. (2012) postulated that over-
estimates of E could be due to model assumptions and Ts 
measurements not accounting for the whole interrow por-
tion. Late season ET overestimates were also reported by 
French et al. (2007) for wheat, and they attributed this to 
leaf senescence. This behavior in the discrepancies is 
not observed in Fig. 5b. Focusing on wheat, Zhang et al. 
(2013) compared ET values predicted by their simulation 
model with those obtained from eddy covariance meas-
urements. Values of RMSE = ±0.6 mm day−1 and r2 of 
0.92 were observed by these authors in a winter wheat. A 
similar error of RMSE = ±0.4 mm day−1 was shown by 
Gao et al. (2014) as a result of the comparison between 
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simulations by the adjusted dual crop coefficients and 
results applying a water balance method. Yang et al. (2014) 
estimated daily ET using the EF method coupled with 
the daily net radiation, with an overall estimation error of 

RMSE = ±0.7 mm day−1 with a determination coefficient 
of 0.937. A daily average deviation of ±0.9 mm day−1 was 

Fig. 5  a Evolution of modeled 
and observed daily ET values 
for the wheat season. Irrigation 
and rainfall amounts are also 
included. b Daily ET discrep-
ancy (modeled ET–observed 
ET) over the growing season
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obtained by Zhang et al. (2015) when comparing lysimeter 
measurements with estimations using an energy balance 
model together with MODIS data. In one of the very few 
ground-validated, ET studies at fine spatial scale for wheat, 
French et al. (2007) used airborne image observations as 
inputs in the TSEB model to calculate ET with accuracy to 
within ±1.3 mm day−1 for the full season, when compared 
to independent soil water depletion observations.

The total seasonal ET predicted by the STSEB model 
(500 mm) was <4 % lower than that measured in the lysim-
eter (520 mm) (see Fig. 7). Note that this agreement is par-
ticularly good for the initial stage (DOY < 90), when bare 
soil and low vegetation coverage conditions are tradition-
ally a challenge for both energy and water balance models 
(Colaizzi et al. 2012; Shahrokhnia and Sepaskhah 2013).

Evaporation/transpiration partitioning

The E and T values calculated with the STSEB model using 
data from the present study are shown in Fig. 7. Soil E 
was clearly dominant for vegetation cover fractions below 
0.2 (DOY < 90). The ratio T/E increased very fast, and T 
became the major contribution to ET after then. The total 
seasonal E resulted in 180 mm, with about half of this 
amount concentrated before DOY 90. Cumulative T value 
was 320 mm. This means 36 % of the seasonal wheat ET 
corresponds to soil evaporation. This modeled value is in 
agreement with former studies relative to wheat. López-
Urrea et al. (2009) obtained a seasonal evaporation compo-
nent amounting to 24 % (135 mm) of the total ET. Zhang 
et al. (2013) observed soil evaporation for winter wheat 
averaged 28 % during the full crop season, whereas it 
represented near 80 % for the initial stage and decreased 
to 5–6 % during the mid-season period. Sun et al. (2006) 
reported 30–35 % for non-stressed to mild-stressed win-
ter wheat, and Sadras and Rodriguez (2010) reported 
22–34 % in Australia. Using microlysimeters, Shahrokhnia 
and Sepaskhah (2013) estimated that soil evaporation was 
about 30 % of the total wheat ET. A lower ratio of 19 % 
was obtained for the seasonal E/ET of a winter wheat with 
a drip irrigation system (Gao et al. 2014). These findings 
should prompt further field studies of E and T partitioning 
for different irrigation systems and management strategies.

Crop coefficients

Figure 8a plots the curve of Kc calculated as the ratio of 
the lysimeter measured, and STSEB predictions, with the 
reference evapotranspiration (ETo) calculated with the 
FAO-56 Penman–Monteith equation (Allen et al. 1998). Kc 
values are presented as 5-day averages to avoid the scatter 
produced by irrigation events. The average Kc data obtained 
from lysimeter measurements for each stage were: Kc-ini: 

0.80, Kc-mid: 1.18, and Kc-end: 0.41, whereas the average Kc 
values obtained from STSEB calculations were: Kc-ini: 0.82, 
Kc-mid: 1.14, and Kc-end: 0.59. López-Urrea et al. (2009) 
reported similar behavior of Kc in a similar experiment 
over wheat in the same area using also lysimeter measure-
ments. These authors reported wheat Kc values of Kc-mid: 
1.20 and Kc-end: 0.15. The Kc_mid matched our measure-
ments, whereas that difference in the Kc-end is due to the 
higher values of ET at the end of this growth stage in our 
measurements, consequence of the relatively high value of 
Pv = 0.23 still present in DOY 180. Other authors obtained 
Kc values of 0.30–0.45 for Kc-ini, of 1.10–1.20 for Kc-mid, 
and Kc-end in the range of 0.25–0.45 (Gontia and Tiwari 
2010; Kjaersgaard et al. 2008; Howell et al. 2006; Allen 
et al. 1998). These Kc-mid data are similar to our averaged 
Kc-mid, and small variations can be due to differences in: 
the planting date, lengths of growth stages, wheat varieties, 
cultural practices, and climatic conditions. Differences in 
the Kc-ini and Kc-end can be due to the higher values of evap-
oration during these two stages in our measurements. Shah-
rokhnia and Sepaskhah (2013) estimated values of 0.77, 
1.35, and 0.26 for Kc-ini, Kc-mid, and Kc-end, respectively. 
Average Kc-ini basically matched our measurements and 
Kc-end was lower than our estimation, whereas our values 
of Kc-mid were lower than those reported by these authors. 
These discrepancies could be due to different wheat vari-
eties and climatic conditions as well as to eventual devia-
tions in the reference ET calculations.

As stated by López-Urrea et al. (2009), soil evaporation 
component (E) can be significant when sprinkler system is 
used for irrigation or frequent rain events occur. This is the 
case of our study. Note the high values of Kc-ini observed 
(Fig. 8a) for the initial stage of the wheat growing, with Pv 
values lower than 0.2.

Dual crop coefficients Ke and Kcb were calculated as 
the ratios E/ETo and T/ETo, respectively. Figure 8b shows 
the comparison between results obtained and values pro-
posed by FAO-56, all 5-day averaged. Relatively large val-
ues of Ke were obtained for establishment and the begin-
ning of development stages due to frequent irrigations, 
while the vegetation cover was low. During reproduction, 
Kcb increased rapidly and peaked to 1.10 during the rip-
ening stage. The average Kcb data obtained from STSEB 
calculations for each stage resulted in: Kcb_ini = 0.05, 
Kcb_mid = 1.10, and Kcb-end = 0.19. Modeled Kcb values 
were smaller than FAO-56 predictions. In terms of Ke, 
FAO-56 underestimated modeled values, particularly at the 
initial growth stage. Note that the Ke coefficient is greatly 
affected by irrigation strategy, soil type, canopy coverage, 
and local weather conditions.

Zhang et al. (2013) estimated initial, mid-season, and 
end Kcb values for wheat of 0.25, 1.15, and 0.30, respec-
tively. Similar values were obtained by Shahrokhnia and 
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Sepaskhah (2013), ranging between 0.18–0.27, 1.11–1.16, 
and 0.11–0.14 for initial, mid-, and end-season stages, 
respectively. Gao et al. (2014) also obtained Kcb values 
ranging 0.22–0.27, 1.02–1.10, and 0.25–0.43, for initial, 
mid-, and end-season stages, respectively, in subsurface 
drip-irrigated wheat. All these reported Kcb-mid and Kcb-end 
values are in agreement with our estimates, whereas those 
observed Kcb-ini values from previous studies are clearly 
larger than our predicted average Kcb-ini. Differences at this 
point are likely due to a higher canopy cover during the ini-
tial growth stage in the studies reported in the literature.

Conclusions

Results in this paper reinforce the potential of the tech-
niques based on the combination of surface energy balance 
with radiometric temperatures for irrigation scheduling or 
water management under a variety of crops and surface 
conditions.

In this work, we focused on a spring wheat crop located 
in a semiarid region of central Spain. Comparison between 
model estimates and lysimeter measurements showed a 
RMSE value of ±0.8 mm day−1, in agreement with previ-
ous results using the same technique over sorghum, sun-
flower, or canola. Furthermore, this error is maintained for 
more than 80 % of the 130 days of the experiment duration 
and equally for all vegetation cover conditions. Accuracy 
improves when cumulative ET values are calculated. A 
deviation no greater than 4 % (20 mm) is observed for the 
prediction of the total 520 mm measured for the full wheat 
growing season.

Partition of ET into E and T components resulted in 
36 % of the total ET corresponding to the soil evapora-
tion, although most of it was concentrated in the initial 
phase (Pv < 0.4). A proper implementation of the STSEB 
approach might become a useful tool at this point when fac-
ing strategies to increase crop water use efficiency through 
a feasible monitoring of the soil evaporation/transpiration 
partitioning.

Fig. 8  Comparison of modeled 
values of crop coefficients with 
those calculated from lysimeter 
measurements and proposed by 
FAO-56: a Kc, b Ke, and Kcb
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Crop coefficient and dual crop coefficients were also 
computed. Results are in agreement with those Kc obtained 
from the lysimeter measurements, and the Kcb, and Ke val-
ues shown by other authors for wheat. This technique could 
be used for the local adjustment of the FAO-56 Kc values, 
as an alternative in those fields where weighing lysimeters 
are not available.

The main limitation for the operational application of the 
energy balance modeling at a crop field scale is the coarse 
spatial resolution of the thermal data provided by the orbiting 
satellites. Recent advances in downscaling TIR information 
from low–medium spatial resolution sensors, using VIS/NIR 
medium–high spatial resolution sensors, bring the opportu-
nity to the operational application of the technique presented 
from satellite data. With this aim, a modified STSEB-TR 
approach was presented. This version was conceived to be 
applied using the composite target temperature TR as the 
unique radiometric temperature input. Results using this new 
formulation match those using the original STSEB model, 
under the conditions of the present study. Further work is 
required, including evaporation and transpiration measure-
ments under different field and environmental conditions, 
before extracting any firm conclusion at this point.
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Appendix

The original formulation of the simplified two-source 
energy balance model (STSEB) (Sánchez et al. 2008) used 
the measured temperature of both soil (Ts) and canopy (Tc) 
components to calculate the different terms of the energy 
balance equation:

where Rn is the net radiation flux (W m−2), H is the sensi-
ble heat flux (W m−2), ET is the latent heat flux (W m−2), 
and G is the soil heat flux (W m−2).

According to the STSEB approach, the sum of the soil 
and canopy contributions (values per unit area of compo-
nent) to the total sensible heat flux, Hs and Hc, respectively, 
are weighted by their respective partial areas as follows:

(1)Rn = H + ET+ G

where Pv is the vegetation cover fraction at nadir. In 
Eq. (2), Hs and Hc are expressed as:

where ρCp is the volumetric heat capacity of air (J K−1m−3), 
Ta is the air temperature at a reference height (h), rha  is the 
aerodynamic resistance to heat transfer between the canopy 
and the reference height at which the atmospheric data are 
measured (s m−1), raa is the aerodynamic resistance to heat 
transfer between the point z0M + d (z0M: canopy rough-
ness length for momentum, d: displacement height) and the 
reference height (s m−1), and rsa is the aerodynamic resist-
ance to heat flow in the boundary layer immediately above 
the soil surface (s m−1). A summary of the expressions to 
estimate these resistances can be found in Sánchez et al. 
(2008). Equations (3a) and (3b) are taken from the parallel 
configuration of the TSEB model (Norman et al. 1995; Li 
et al. 2005), modified to take into account the distinction 
between rha  and raa (Sánchez et al. 2008).

The partitioning of the net radiation flux, Rn, between 
the soil and canopy is proposed as follows:

where Rnc and Rns are the contributions (values per unit 
area of component) of the canopy and soil, respectively, to 
the total net radiation flux. They are estimated by establish-
ing a balance between the long-wave and the short-wave 
radiation separately for each component:

where S is the solar global radiation (W m−2), αs and αc 
are soil and canopy albedos, respectively, σ is the Stefan–
Boltzmann constant, and Lsky is the incident long-wave 
radiation (W m−2).

A similar expression is used to combine the soil and 
canopy contributions, ETs and ETc, respectively, to the total 
latent heat flux:

According to this framework, a complete and independ-
ent energy balance between the atmosphere and each com-
ponent of the surface is established from the assumption 
that all the fluxes act vertically. In this way, the component 
fluxes to the total latent heat flux can be written as:

(2)H = PvHc + (1− Pv)Hs

(3a)Hc = ρCp
Tc − Ta

rha

(3b)Hs = ρCp
Ts − Ta

raa + rsa

(4)Rn = PvRnc + (1− Pv)Rns

(5a)Rnc = (1− αc)S + εcLsky − εcσT
4
c

(5b)Rns = (1− αs)S + εsLsky − εsσT
4
s

(6)ET = PvETc + (1− Pv)ETs

(7a)ETc = Rnc − Hc
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Finally, G can be estimated as a fraction (CG) of the soil 
contribution to the net radiation (Choudhury et al. 1987):

where CG can vary in a range of 0.2–0.5 depending on the 
soil type and moisture. A value of CG = 0.35 was used in 
this work.

When the composed target temperature (TR) is the only 
measurement available, the original formulation of the 
STSEB needs the inclusion of additional assumptions to 
calculate, for example, an initial estimate of canopy latent 
heat flux. In this STSEB-TR approach, the Priestley–Taylor 
equation was used:

where fg is the fraction of the vegetation that is green, Δ is 
the slope of the water vapor saturation curve, α is the Priest-
ley–Taylor (PT) parameter (Priestley and Taylor 1972), and 
γ is the psychrometric constant. A value of α = 1.26 was 
assumed in this study, according to the non-water-stressed 
conditions over this wheat field (French et al. 2007). Note 
that this value might need adjustment under water-stressed 
conditions.

An initial value of Tc is extracted by solving the equa-
tion resulting from the combination of (5a), (7a), and (9). 
Then, the corresponding value of Ts can be calculated from 
the equation (Sánchez et al. 2008):

where εc and εs are the canopy and soil emissivities, respec-
tively, ε is the effective surface emissivity. Once Tc and Ts 
values are estimated, Eqs. (2)–(8) can be applied.
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