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Abstract

:

A study was carried out to evaluate the potential use of the two-source Shuttleworth and Wallace (SW) model to compute the intra-orchard spatial variability of actual evapotranspiration (ET) of olive trees using satellite images and ground-based climate data. The study was conducted in a drip-irrigated olive orchard using satellite images (Landsat 7 ETM+), which were acquired on clear sky days during the main phenological stages (2009/10 growing season). The performance of the SW model was evaluated using instantaneous latent heat flux (LE) measurements that were obtained from an eddy correlation system. At the time of satellite overpass, the estimated values of net radiation (    Rn i    ) and soil heat flux (    G i    ) were compared with ground measurements from a four-way net radiometer and soil heat flux plates, respectively. The results indicated that the SW model subestimated instantaneous LE (W m−2) and daily ET (mm d−1), with errors of 12% and 10% of observed values, respectively. The root mean square error (RMSE) and mean absolute error (MAE) values for instantaneous LE were 26 and 20 W m−2, while those for daily values of ET were 0.31 and 0.28 mm d−1, respectively. Finally, the submodels computed     Rn i     and     G i     with errors of between 4.0% and 8.0% of measured values and with RMSE and MAE between 25 and 39 W m−2.
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1. Introduction


Better water management of irrigation is required to optimize the water productivity of olive oil production due to water scarcity. Under this scenario, sophisticated irrigation water management will be required to maintain sufficient levels of productivity and quality [1,2]. For these objectives, it is necessary to have an accurate estimation of daily actual evapotranspiration (ET) that is generally computed as a function of reference evapotranspiration (    ET o    ) and crop coefficient (Kc) [3]. Several researchers also suggested using the dual crop coefficient approach to describe the ratio of ET to     ET o     by separating Kc into basal crop coefficient (Kcb) and soil evaporation coefficient (Ke) [3,4,5]. However, the values of Kc and Kcb reported in the literature for heteronomous canopies require local adjustment because they depend on canopy architecture and non-linear interaction of soil, cultivar, and climate [1,6,7]. For a hedge-pruned olive orchard, Martínez-Cob and Faci [8] indicated that Kc values depend on the geometric characteristics of the canopy (canopy shape, distance between trees, etc.) and fractional cover (fc). For a super intensive olive orchard, Paço et al. [7] suggested that the Kc value is affected by several factors, including the canopy architecture, fractional cover, crop management practices, and rainfall variability. For a drip-irrigated olive orchard, López-Olivari et al. [9] indicated that the ratios of transpiration and evaporation to     ET o     could be significantly affected by the irrigation systems, which determine the percentage of wetted area (Aw) of the soil surface. Allen and Pereira [10] and Paço et al. [7] recommended adjusting the ET/    ET o     ratios using fc and tree height, according to a density coefficient (Kd) that describes the increase in Kc with an increase in canopy size. Pôças et al. [11] for olive orchard improved the estimation of crop coefficients using remotely sensed vegetation indices and the SIMdualKc soil water balance model. Cammalleri et al. [6] also evaluated a remote sensing-based approach to estimate olive ET, combining a modified version of the standard FAO-56 dual crop coefficient procedure and Penman-Monteith (PM) equation with actual canopy characteristics (i.e., leaf area index, albedo, and canopy height) that were derived from optical remote sensing data. Finally, Er-Raki et al. [12] evaluated the potential of assimilating ET derived from satellite thermal infrared observations to improve the ET simulation performances from the FAO-56 single crop coefficient approach.



Several studies indicated that the two-layer model of Shuttleworth and Wallace (SW) could be used to estimate ET directly without using crop coefficients [13,14,15,16,17]. The SW model can estimate soil evaporation and transpiration separately and has been widely used to estimate ET for homogeneous (sorghum, corn, and wheat) and heterogeneous (vineyards and orchards) canopies [14,18,19,20,21]. For heterogeneous canopies, such as vineyards and orchards, the SW approach has been able to estimate ET with errors ranging between 6% and 25%. In a furrow-irrigated vineyard (fc = 0.35), Zhang et al. [20] indicated that the SW model overestimated latent heat flux (LE) with an index of agreement (    I a    ) = 0.75 and a mean absolute error (MAE) = 39 W m−2, while Zhang et al. [22] noted that the SW model overestimated ET by 25.2% in a furrow-irrigated vineyard. For drip-irrigated vineyards (fc = 0.30), Ortega-Farías et al. [14] observed that the SW model was able to predict ET with a root-mean-square error (RMSE) = 0.51 mm d−1 and an MAE = 0.41 mm d−1. In a furrow-irrigated vineyard (fc = 0.30), Zhao et al. [23] observed that the SW model estimated ET with a RMSE and MAE of 0.68 and 0.52 mm d−1, respectively. In a drip-irrigated olive orchard, Ortega-Farías and Lopez-Olivari [24] observed that the SW model overestimated LE by approximately 2% of measured values, with a RMSE = 28 W m−2 and     I a     = 0.98. This study also indicated that the SW model was very sensitive to errors in the values of stomatal resistance (    r st    ) and leaf area index (  LAI  ). On this matter, Brenner and Incoll [25] indicated that the SW model overestimated crop transpiration of sparsely vegetated shrublands due to the over-estimation of the radiation that is absorbed by the canopy.



The traditional approach of SW model does not consider the effect of intra-orchard spatial variability of soil and canopy vigor on the estimation of ET. Canopy covers of commercial olive orchards are generally incomplete as a result of the canopy geometry that depends on canopy size, leaf area index, and plant density [26]. The canopy training system and associated canopy geometry may significantly affect the partitioning of Rn into LE, H, or G and thus orchard water requirements. To include the effect of intra-field spatial variability into the SW model, the instantaneous values of net radiation (    Rn i    ) and soil heat flux (    G i    ) over orchards can be estimated using remote sensing images. In this regard, several studies have suggested that     Rn i     and     G i     can be adequately estimated in heterogeneous canopies using satellite images. In a drip-irrigated olive orchard, Ortega-Farías et al. [27] indicated that     Rn i     was estimated with an error of 3% of measured values when using thermal and multispectral images from the Landsat platform. In a drip-irrigated vineyard, Carrasco-Benavides et al. [28] using Landsat 7 images observed that the METRIC model estimated     Rn i     and     G i     with an error of 11% and 5% of measured values, respectively. However, the estimation of ET from the METRIC model requires the selection of the two “anchor” pixels, which is subjective and depends on the ability of the operator in search and isolate of the most appropriate hot and cold pixels [29,30,31]. For drip-irrigated olive orchards (fc < 0.3), the selection of the hot and cold pixels is critical because sensible heat flux (H), which is produced at the soil surface, is the main component of energy balance and plays a key role in the tree transpiration and stomatal closure [24].



Dhungel et al. [32] successfully used remote sensing tools to facilitate a comparison of different parameterizations to estimate LE over sparse canopies. This comparison was conducted using gridded weather and Landsat satellite data, such as instantaneous values of ET, surface roughness (Zom), emissivity (    ε 0    ), albedo (  α  ), and leaf area index (  LAI  ), to parameterize the Penman-Monteith (PM) equation. According to our knowledge, there is no available information about the estimation of the intra-orchard spatial variability of olive ET using ground-based weather measurements and remote sensing images as inputs to the SW model. Thus, the main objective of this study is to evaluate the potential use of the two-source SW model to compute the intra-orchard spatial variability of ET of a drip-irrigated olive orchard using satellite images and ground-based climate data. Moreover, the sub-models that were used to estimate the instantaneous values of latent heat flux (    LE i    ), available energy (    A i    ), net radiation     (   Rn i   )    , and soil heat flux (    G i    ) were also evaluated for the main phenological growth stages of olive trees.




2. Materials and Methods


2.1. Study Site Description


Measurements were collected in a drip-irrigated commercial olive orchard (Olea europaea L. cv Arbequina) that was located in Pencahue, Maule Region, Chile (35°23′ S, 71°44′ W, WGS84, 96 m above sea level) during the 2009–2010 season. The study area has a Mediterranean climate with a medium average temperature of 14.8 °C and an accumulated     ET o     of 1013 mm. The average annual rainfall in the region is approximately 602 mm, which is falling mainly during the winter (May to September). The summer period (December to March) is generally hot and dry with a high water vapor pressure deficit. The soil at the experimental site was classified as Quepo series with a clay loam soil. The trees were established using a hedgerow system with 5.0 m between rows and 1.5 m between trees (1333 trees ha−1). The orchard was irrigated by two drippers per tree (2.0 L h−1) spaced at intervals of 0.75 m along the rows. After irrigation, the percentage of wetted area (    A W    ) by the drippers located under the tree canopy was 4.5% of the total area.



To evaluate the irrigation management, the midday stem water potential (Ψmd) was measured using a pressure chamber (PMS Instruments Co., Model 1000, Corvallis, OR, USA). A chosen shoot (two per tree, one tree per replicate) containing five to six pairs of leaves was encased in a plastic bag and then wrapped in aluminum foil for (at least) 2 h before being cut [33,34]. In addition, a LI-COR gas analyzer (Li-6400, LI-COR Inc., Lincoln, NE, USA) was used to measure stomatal resistance (    r st    ) on two leaves that were directly exposed to the sun and were located on the mid-section of the tree [35]. The Ψmd and     r st     measurements were collected from exposed leaves on 10 trees that were located on both sides of the olive rows. Finally, the LAI was measured weekly using a plant canopy analyzer (LAI-2000, LI-COR, Lincoln, NE, USA), which was calibrated according to Lopez-Olivari et al. [9]. Also, it is important to indicate that Ψmd and     r st     were measured at the time of satellite overpass.




2.2. Measurements of Climate and Energy Balance Data


Two towers (4.8 m height) were installed on a flat and homogeneous plot (6.45 ha) in an olive orchard to measure the surface energy balance components and micrometeorological variables at intervals of 30 min. Hobo sensors (Onset Computer, Inc., Bourne, MA, USA) were used to measure relative humidity (  RH  ) and air temperature (  Ta  ). An anemometer (03101-5, R. M. Young Co., Traverse City, MI, USA) and a pluviometer (A730RAIN, Adcon Telemetry, Klosterneuburg, Austria) were used to measure wind speed (  u  ) and precipitation (Pp), respectively. The net radiation (Rn) was measured with a four-way net radiometer (CNR1, Kipp & Zonen, Delft, The Netherlands). Finally, the sensors to measure u, Pp, Ta, RH, and Rn were located at 1.9 m above the tree canopy.



Soil heat flux was estimated through the use of eight flux plates installed on either side of the rows (four plates in the inter row and four plates below the row). This arrangement considers the row shade effect throughout the day [36]. The flux plates with a constant thermal conductivity (HFT3, Campbell Sci., Logan, UT, USA) were installed at a depth of 0.08 m. Additionally, two averaging thermocouple probes (TCAV, Campbell Sci., Logan, UT, USA) that were used to measure soil temperature were installed above each flux plate at depths of 0.02 and 0.06 m. All of the thermocouple probe signals were recorded on an electronic datalogger (CR3000, Campbell Sci, Logan, UT, USA) with a thirty-minute interval. Finally, soil heat flux was calculated at each position by adding the measured flux at 0.08 m to the heat that was stored in the layer above the heat flux plates [9,37].



The latent (LE) and sensible (H) heat fluxes were measured with an eddy covariance (EC) system, which is composed of a three-dimensional sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA) and an infrared gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE, USA). The fluxes were registered at 1.6 m above the canopy at intervals of 10 Hz and were stored on a data logger (CR5000, Campbell Scientific Inc., Logan, UT, USA). Finally, a post-processing step was conducted to correct the sonic temperature due to crosswind influences [38] and water vapor density due to the influences of the fluctuations in temperature and humidity [39].



To reduce the uncertainty that is associated with the errors in the LE and H measurements, entire days were excluded from the study when the ratios of (  H   +   LE  ) to (  Rn   −   G  ) were outside the range between 0.8 and 1.2 [9]. Assuming that the measurements of Rn and G were representative of the available energy over the olive orchard, the fluxes of H and   LE   were forced to close the energy balance using the Bowen ratio approach (   B = H / LE   ) [8,24,36,40]:


    LE B  =    (  Rn − G  )     (  1 + B  )      



(1)






    H B  =    (  Rn − G  )     (  1 +  B  − 1    )      



(2)







On a daily basis, the olive ET was calculated, as follows:


    ET EC  =    ∑  n = 1  24   LE  B   n       λ ρ  w    1.8   



(3)




where     ET EC     is the actual evapotranspiration of the olive orchard measured by the EC system (mm d−1), 1.8 is a conversion factor,   λ   is the latent heat of vaporization (1013 MJ kg−1),     ρ w     is the water density (1000 kg m−3), and   n   is the number of measurements during a 24-h period. The subscript B indicates that turbulent fluxes were recalculated using the Bowen ratio approach.




2.3. Shuttleworth and Wallace Model Description


At the time of satellite overpass, the SW model can estimate latent heat flux over olive orchards as the sum of the Penman-Monteith equation for evaporation and transpiration weighted by a set of coefficients that account for the combination of soil and canopy resistances. This can be done as follows [41]:


    LE i  =  T i  +  E i    



(4)






    T i  =  C c    Δ  A i  +  (     ρ a   C p   D i  − Δ  r a c   A si     r a a  +  r a c     )    Δ + γ  (  1 +    r s c     (   r a a  +  r a c   )     )      



(5)






    E i  =  C s    Δ  A i  +  (     ρ a   C p   D i  − Δ  r a s  (  A i  −  A si  )    r a a  +  r a s     )    Δ + γ  (  1 +    r s s     (   r a a  +  r a s   )     )      



(6)




where     LE i     is the instantaneous latent heat flux computed from the SW model (W m−2),     T i     is the latent heat flux from the tree transpiration (W m−2),     E i     is the latent heat flux from soil evaporation (W m−2),     C C     is the canopy resistance coefficient (dimensionless),     C S     is the soil surface resistance coefficient (dimensionless),   Δ   is the slope of the saturation vapor pressure curve at the mean temperature (kPa °C−1),     A i     is the available energy leaving the complete canopy (W m−2),     A Si     is the available energy at the soil surface (W m−2),     C P     is the specific heat of the air at a constant pressure (1013 J kg−1 K−1),     D i     is the water vapor pressure deficit at the reference height (kPa),     r a c     is the bulk boundary layer resistance of the vegetative elements in the canopy (s m−1),     r a a     is the aerodynamic resistance between the canopy source height and reference level (s m−1),   γ   is the psychrometric constant (kPa °K−1),     r s c     is the canopy resistance (s m−1),     r a s     is the aerodynamic resistance between the soil and canopy source height (s m−1), and     r s s     is the soil surface resistance (s m−1). Subscripts “i” denote the values that are computed at the time of satellite overpass.




2.4. Estimation of Resistances


Values of     r s c     and     r a c     are calculated as:


    r s c  =    r st   LAI    



(7)






    r a c  =    r b   LAI    



(8)




where     r st     is the mean stomatal resistance (s m−1),     r b     is the mean boundary layer resistance (s m−1) and LAI is the leaf area index (m2 m–2). For this study,     r b     was assumed to be equal to 25 s m−1, and a constant value of     r s s     = 2000 sm−1 was used because of the dryness of the soil surface (between rows) during the study periods [41]. Additionally, a mean value of measured     r st     = 235 (±60.84) s m−1 was used for the simulation period. Finally, general descriptions of     r a a    ,     r a s    ,     C s    , and     C c     can be found in Shuttleworth and Wallace [41] and Ortega-Farías et al., 2007 [21].




2.5. Estimation of Available Energy at the Time of the Satellite Overpass


The instantaneous values of available energy over the canopy (    A i    ) and soil surface (    A Si    ) can be calculated as:


    A i  =  Rn i  −  G i    



(9)






    A si  =  Rn Si  −  G i    



(10)




where     Rn i     is the net radiation (W m−2),     G i     is the soil heat flux (W m−2) and     Rn Si     is the net radiation on the surface of the ground (W m−2), which can be calculated using Beer’s law, through the next expression:


    Rn Si  =  Rn i  × exp  (  − C × LAI  )    



(11)




where   C   is the extinction coefficient of the net radiation of the crop (dimensionless). In this study, a mean value of measured LAI = 1.29 (±0.07) was used as a constant while C was assumed to be 0.66 [24]. Values of     Rn i     were obtained, as follows [42]:


    Rn i  =  (  1 −  α i   )  ×  R  s ↓   +  R  L ↓   −  R  L ↑   −  (  1 −  ε 0   )  ×  R  L ↓     



(12)




where     α i     is the surface albedo,     R  s ↓      is the short-wave incident radiation (W m−2),     R  L ↓      and     R  L ↑      are the incoming and outgoing long-wave radiation, respectively, and     ε 0     corresponds to the superficial emissivity. The values of     R  L ↓      and     R  L ↑      were obtained as:


    R  L ↑   =  ε 0  × σ ×  T s 4    



(13)






    R  L ↓   =  ε a  × σ ×  T a 4    



(14)




where   σ   is the Stefan-Boltzmann constant (5.67 × 10−8 W m−2 K−4),     T s     is the superficial temperature (°K),     ε 0     is the “broad-band” surface emissivity (dimensionless),     T a     is the near-surface air temperature (°K), and     ε a     is the effective atmospheric emissivity (dimensionless). The methodologies to estimate     ε 0  ,    ε a  ,   and    T s     are indicated by Allen et al. [42].



Gi was calculated using the following empirical relation [26]:


    G i  = 0.3236 ×  Rn i  − 51.52   



(15)








2.6. Instantaneous to Daily Extrapolation of Actual Evapotranspiration


Using multispectral and thermal images from the Landsat satellite and ground-based weather data, the daily ET was computed for each image pixel using the following equations [28,42]:


    ET i  = 3600    LE i     ρ w  λ     



(16)






    E F  =    ET i     ET oi      



(17)






    ET sw  =  E F  ×  ET o    



(18)




where     ET i     is the instantaneous ET computed from the SW model (mm h−1),     ρ w     is the density of water (1000 kg m−3),   λ   is the latent heat of vaporization (J kg−1),     ET oi     is the instantaneous reference evapotranspiration (mm h−1),     ET sw     is the daily actual evapotranspiration estimated using the SW model (mm d−1),     ET o     is the daily reference evapotranspiration (mm d−1), and     E F     is the reference evapotranspiration fraction.




2.7. Image Processing


Seven Landsat (7 ETM+) satellite images were downloaded from the USGS GloVis web platform for free (http://glovis.usgs.gov) using the coordinates WRS-2 Path/Row: 233/85 (Table 1). The SLC instrument suffered a problem in 2003; thus, the images have lines of pixels without information. A method that was proposed by Storey et al. [43] was implemented to fill the pixels without data. This method estimates the value of the pixel based on the neighboring pixels in an image taken on a similar date. The estimations present good results in most of the images, but not in images with abrupt temporal transitions [44]. Also, the image processing for satellite information considered the methodology that was proposed by Allen et al. [42], aiming to generate radiometric and atmospheric corrections.



Multispectral and thermal data from each satellite image were processed pixel by pixel to estimate     LE i    ,     Rn i    ,     G i    , and     ET i    . In this regard, the satellite images were obtained from November to February where the main phenological periods were observed in the drip-irrigated olive orchard (Table 1). Finally, it is important to indicate that the number of days with a complete data set (satellite images and EC fluxes) was limited by cloudiness when the satellite overpassed the experimental site and persistent noise of the EC system (instrumental problems and flow distortion through the tower). For these reasons, several researchers have used a limited number of images to evaluate the satellite-based remote sensing (SBRS) models [6,45,46,47,48,49].




2.8. Statistical Analysis


The SW model used to compute the instantaneous latent heat flux (    LE i    ) and daily actual evapotranspiration (    ET sw    ) was validated using ground-based weather measurements. The validation was carried out using the ratio of the estimated to observed values (b), root-mean-square error (RMSE), mean absolute error (MAE), and index of agreement (    I a    ) [50,51]. The t-test was used to determine whether the b value was significantly different from unity at the 95% confidence level. In addition, the sub-models for estimating     A i  ,    Rn i    , and     G i     were included in the validation. Values of RMSE, MAE, and     I a     were computed, as follows:


   RMSE =    [   N  − 1     ∑  i = 1  N      (   P i  −  O i   )   2   ]   0.5    



(19)






   MAE =  N  − 1     ∑  i = 1  N    |   P i  −  O i   |    



(20)






    I a  = 1 −  [     ∑  i = 1  N     (   P i  −  O i   )   2     ∑  i = 1  N     (   |   P i  −  O ¯   |  +  |   O i  −  O ¯   |   )   2     ]    0 ≤  I a  ≤ 1   



(21)




where   N   is the total number of observations,     P i     and     O i     are the estimated and observed values, respectively, and    O ¯    is the mean of the observed values. Values of RMSE, MAE,     P i    ,     O i    , and    O ¯    are in W m−2 or mm d−1



Finally, a sensitivity analysis of the inputs parameters (C, d, LAI, n) and resistances (    r b  ,    r st  ,    r a a  ,    r a c  ,    r a s    ) was conducted to evaluate their effects on the ability of the SW model for estimating     ET i    . In this case, the percent deviation of the mean     ET i     was computed when the input values of the parameters and resistances individually varied by +/− 30%.





3. Results


The atmospheric conditions were very dry and hot during the main phenological periods (FS, PH, and FC) of the olive orchard, which were observed from December to February (Table 1). During this period, the values of u, Ta and D were between 0.3 and 4.5 m s−1, 28.3–13.4 °C, and 0.2–2.9 kPa, respectively (Figure 1a,b). During the study, four rainfall events were observed with values of less than 5 mm. The accumulated value of     ET o     from September to March (growing season) was 907 mm while that from December to March (summer) was 616 mm. During this study, the average values of     ET o     and     ET oi     were 6.95 (±0.99) mm d−1 and 0.58 (±0.06) mm h−1, respectively (Table 2). These results indicate that the drip-irrigated olive orchard was under high atmospheric demand for water vapor (Figure 1). Under this atmospheric condition, values of Ψmd ranged between −1.37 and −1.49 MPa, indicating that olive trees were well irrigated during the main phenological periods (F, FS, PH, and FD). Finally, Figure 1 shows that clear days were observed when the satellite passed over the experimental site.



At 30 min time intervals, the ratio of (   Rn − G   ) to (   H + LE   ) was 0.89, suggesting that the orchard energy balance (SEB) was systematically imbalanced by approximately 11% (Figure 2). Several researchers reported a similar situation where the values of (LE + H) were less than those of (Rn − G) above olive orchards when the EC technique was used. In flood-irrigated olive orchards, Williams et al. [52], Ezzahar et al. [53], and Er-Raki et al. [4] reported imbalances ranging between 9% and 26%, while in drip-irrigated olive orchards, Villalobos et al. [54] and Testi et al. [55] indicated imbalances varying between 5% and 17%. The potential errors can be attributed to the uncertainties in the measurements of Rn and G [56,57,58], and energy storage within the olive tree biomass [9,53]. In this case, Twine et al. [40] suggested that LE and H values from de EC system can be corrected using the Bowen ratio (β = H/LE) because the different problems affect the measured values of H and LE in a similar proportion. Using this correction, however, Allen et al. [59] indicated that the lack of closure can be only attributed to errors in the measurements of H and LE without considering the potential bias in Rn-G. According to several researchers, the uncertainties observed in this study are modest and turbulent fluxes were recalculated using the Bowen-ratio approach [8,24,36,40,60].



3.1. Model Validation of Available Energy, Latent Heat Flux and Actual Evapotranspiration


The model validation of     Rn i    ,     G i    , and     A i     is indicated in Table 3 when using ground-based weather measurements and satellite images. The results indicated that the sub-model was able to predict values of     A i     with a RMSE = 25 W m−2 and MAE = 21 W m−2. The RMSE and MAE values for     Rn i     were between 39 and 32 W m−2, while those for     G i     were between 33 and 27 W m−2, respectively (Table 3). The t-test showed that the b values were different from unity, indicating that     A i  ,    Rn i    , and     G i     were underestimated, with errors ranging between 4% and 8% of observed values in the drip-irrigated olive orchard. Finally, the comparison between the measured and modeled values in Figure 3 shows that all points were close to the 1:1 line, suggesting a good performance of the sub-models to estimate Ai,     Rn i    , and     G i    . For     Rn i     and     G i    , the results that were observed in this study are similar to those that are found in literature for heterogeneous canopies, such as orchards and vineyard. For winegrape (drip irrigated) and table grape (micro sprinkler), Teixeira et al. [61] observed values of coefficient of determination (R2) = 0.94 and RMSE = 17.5 W m−2 for     Rn i     when using satellite images (Landsat 5 and 7). For a drip-irrigated olive orchard (fc = 0.29), Ortega-Farías et al. [27] found that the METRIC model underestimated     Rn i     by approximately 3% of the observed values, with RMSE and MAE values of 40 and 33 W m−2, respectively. In a super intensive olive orchard (fc = 0.3), Ortega-Farías et al. [26] indicated that the model was able to estimate     Rn i     and     G i    , with errors of 5% and 2%, respectively, when using high-resolution thermal and multispectral data acquired with an unmanned aerial vehicle (UAV). In a drip-irrigated vineyard (fc = 0.3), Carrasco-Benavides et al. [28] noted that the METRIC model was able to estimate     Rn i     and     G i    , with errors of 11% and 5%, respectively. In an experiment that was carried out using remote sensing techniques over heterogeneous landscapes, Liu et al. [62] found RMSE and MAE values of 51 and 25 W m−2, respectively, when     G i     was evaluated.



Table 3 indicates that the SW model underestimated     LE i     by approximately 12% of observed values, with RMSE = 26 W m−2 and MAE = 20 W m−2 (Table 3). In addition, the comparisons between the observed and estimated values of LE at the time of satellite overpass show that most of the points are close to the 1:1 line (Figure 3). Furthermore, the model validation indicated the SW model was able to simulate the ET with RMSE and MAE values that are equal to 0.31 and 0.28 mm d−1, respectively (Table 3). Additionally, the statistical analysis indicated that the ratio of     ET sw    /    ET EC     was significantly different from unity, suggesting that the SW model underestimated ET with an error of 10% of observed values. In this regard, Figure 4 shows that all of the points were distributed below the 1:1 line. In a super intensive olive orchard (fc = 0.3, LAI = 1.3), Ortega-Farías and Lopez-Olivari [24] indicated that the SW model overestimated     LE i     and ET by approximately 2% and 6% of observed values, respectively, suggesting that the model was very sensitive to errors in the estimation of     r st     and LAI. Finally, in a furrow-irrigated vineyard (fc = 0.35, IAF = 2), Zhang et al. [20] observed MAE values about of 39 W m−2 when SW model was evaluated.




3.2. Sensitivity Analysis


Table 4 indicates that when Rni varied by ±30%, a variation of ±20% was observed in the estimation of     ET i    . Also, the results indicated that the sensitivity of the predicted     ET i     in respect to the uncertainties in    C ,   d ,   n ,   and    r b     was minimal. In addition, the sensitivity analysis indicated that the estimation of     ET i     was significantly affected by variations of ±30% in the values of LAI and     r s c    . In this regard, the values of     ET i     varied between +15% and −14% and between −13% and +20% when LAI and     r s c     varied by ±30%, respectively. (Table 4). This sensitivity analysis suggests that the     ET i     that was estimated using the SW model was very sensitive to Rni, LAI, and     r st    , but it was not sensitive to errors in the estimations of     r a a    ,     r a c    , and     r a s    . Similar results in a drip-irrigated olive orchard were observed by Ortega-Farías and Lopez-Olivari [24], who indicated that the ET predicted by the SW model was sensitive to errors of ±30% in LAI and     r st    , but was not significantly affected by errors in the estimation of aerodynamic resistances. Therefore, correct estimations of     Rn i    , LAI and     r st     become critical to increasing the accuracy of the   SW   model.




3.3. Spatial Variability of Actual Evapotranspiration


For flowering, pit hardening and fruit colouring, maps of the actual evapotranspiration were generated using the temporal variability of     ET sw     within the drip-irrigated olive orchard (Figure 5). While differences were observed in the     ET sw     values over the entire time series (from 1.34 to 3.69 mm), the spatial variability for each of these days was low, with a maximum variation between 2.85 and 3.07 mm d−1 (DOY 22). These low variations of the spatially distributed     ET sw     maps could be associated with the low intra-orchard spatial variability of     A i     (Figure 6), which presented a standard deviation between 3 and 6 W m−2 for the entire study period. The highest value of     A i     was observed on DOY 339 when the     A i     ranged between 476 and 494 W m−2. On the other hand, when we consider the daily variation, the results reflected a low spatial variability of the available energy. These results are logical when considering that the orchard presents similar management conditions (irrigation practices, training systems, canopy management, fertilization, among others), which are expressed by the low spatial variability at the experimental site.





4. Final Remarks


The results that were obtained in this study were similar to those that were reported in the literature for estimating olive ET when using the traditional approach of SW model [24,26,27]. This approach, however, does not include satellite images to account for the spatial variability of ET. For the main phenological stages, this study suggested that the SW model that uses satellite images and meteorological data could be suitable to estimate olive ET on a pixel-by-pixel basis. For practical application, however, the SW model requires good parameterizations of     r st     and   LAI  , which are included in the formulation of     r s c    . According to Ortega-Farías and Lopez-Olivari [24], the parameterization of     r s c     depends on the canopy characteristics, which are mainly expressed by the training system and plant water status. In this study, the canopy architecture was maintained almost constant during the study with values of LAI and fc ranging between 1.16–1.38 m2 m−2 and 0.26–0.3, respectively. Also, the drip-irrigated olive orchard was maintained under non-water stress conditions (Ψmd > −1.49 MPa), indicating that the constant value of stomatal resistance (235 ± 60.84 s m−1) used in the SW model was adequate. However, commercial olive orchards that possess different training systems, tree water status, and canopy sizes require the incorporation of spatially distributed values of LAI and stomatal conductance to increase the accuracy of the SW model to simulate ET. To accomplish this task, it is necessary to evaluate sub-models for predicting the spatial variability of Ai, LAI, and     r s c     of olive orchards with different canopy geometry and tree water status. Finally, the results of this study suggested that the SW model could be used to estimate olive ET as a complement to the satellite-based remote sensing (SBRS) models, like METRIC.




5. Conclusions


Results of this study suggested that the SW model could be a potential tool to compute spatial the variability of olive ET when using satellite images and ground-based climate data. In this case,     Rn i     and     G i     were obtained from satellite information and were introduced to the SW model through     A i    . Simulated values of LEi,     Rn i    ,     G i    , and     A i     were generally in good agreement with ground-based measurements within the olive orchard. In this case, the errors and RMSE ranged between 4% and 12% of observed values and 25–39 W m−2, respectively. For daily water consumption, the results indicated that the SW model was able to predict olive ET with errors of 10% and RMSE = 0.3 mm d−1. The observed results were consistent with the literature and are within the acceptable range for applications of remote sensing models in agriculture. Furthermore, the results also encourage the continued testing of this methodology in heterogeneous (vineyards and orchards) canopies with the aim of evaluating the effect of intra-orchard spatial variabilities of soil and canopy vigor on the estimation of ET. However, the practical application of the SW model requires adequate parameterizations of     r st     and   LAI   of olive orchards under different training and system.
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List of Symbols




	    A i    
	Instantaneous available energy leaving the complete canopy (W m−2)



	    A Si    
	Available energy at the soil surface (W m−2)



	    A W    
	Percentage of wetted area (%)



	b
	Ratio of estimated to observed values (dimensionless)



	B
	Bowen ratio (dimensionless)



	    C C    
	Canopy resistance coefficient (dimensionless)



	    C S    
	Soil surface resistance coefficient (dimensionless)



	C
	Extinction coefficient of crop for net radiation (dimensionless)



	    C P    
	Specific heat of the air at constant pressure (1013 J kg−1 °K−1)



	CV
	Coefficient of variation (%)



	d
	Zero plane displacement of crop with complete canopy cover (LAI = 4) (m)



	    D i    
	Water vapor pressure deficit at the reference height (kPa)



	Ei
	Latent heat flux from soil evaporation (W m−2)



	EF
	Reference evapotranspiration fraction (dimensionless)



	ET
	Daily actual evapotranspiration (mm d−1)



	ETEC
	Daily actual evapotranspiration obtained from de eddy covariance (EC) method (mm d−1)



	    ET i    
	Instantaneous actual evapotranspiration computed from the Shuttleworth and Wallace (SW) model (mm h−1)



	    ET o    
	Reference evapotranspiration (mm d−1)



	    ET oi    
	Instantaneous reference evapotranspiration (mm h−1)



	    ET sw    
	Daily actual evapotranspiration estimated using the SW model (mm d−1)



	fc
	Fractional crop cover (dimensionless)



	  G  
	Soil heat flux (W m−2)



	    G i    
	Instantaneous soil heat flux (W m−2)



	H
	Sensible heat flux (W m−2)



	    H B    
	H corrected using the Bowen ratio approach (W m−2)



	    I a    
	Index of agreement (dimensionless)



	Kc
	Crop coefficient (dimensionless)



	Kcb
	basal crop coefficient (dimensionless)



	Ke
	soil evaporation coefficient (dimensionless)



	  LAI  
	Leaf area index (m2 m−2)



	    LE EC    
	Latent heat flux obtained from the EC method (W m−2)



	    LE B    
	Instantaneous LE corrected using the Bowen ratio approach (W m−2)



	    LE i    
	Instantaneous LE estimated using SW (W m−2)



	MAE
	Mean absolute error (dimensionless)



	  N  
	Total number of observations,



	  n  
	Eddy diffusivity decay constant in crop with complete canopy crop cover (dimensionless)



	    O i    
	Observed values (W m−2 or mm d−1)



	   O ¯   
	Mean of the observed values (W m−2 or mm d−1)



	    P i    
	Estimated values (W m−2 or mm d−1)



	Pp
	precipitation (mm)



	RH
	Relative air humidity (%)



	  Rn  
	Net radiation (W m−2)



	    Rn avg    
	Average daily values of net radiation (W m2)



	    Rn i    
	Instantaneous net radiation (W m2)



	    Rn Si    
	Instantaneous net radiation on the surface of the ground (W m−2)



	    R  s ↓     
	Incident short-wave radiation (W m−2)



	    R  L ↓     
	Incoming long-wave radiation (W m−2)



	    R  L ↑     
	Outgoing long-wave radiation (W m−2)



	R2
	Coefficient of determination (dimensionless)



	    r b    
	Mean boundary layer resistance per unit area of vegetation (s m−1)



	    r a c    
	Bulk boundary layer resistance of the vegetative elements in the canopy (s m−1)



	    r a a    
	Aerodynamic resistance between the canopy source height and reference level (s m−1)



	    r s c    
	Canopy resistance (s m−1)



	    r a s    
	Aerodynamic resistance between the soil and canopy source height (s m−1)



	    r s s    
	Soil surface resistance (s m−1)



	    r st    
	Mean stomatal resistance (s m−1)



	Ta
	Air temperature (°C)



	Tavg
	Average daily values of temperature (°C)



	    T i    
	Latent heat flux from the olive transpiration (W m−2)



	    T s    
	Superficial temperature (°K)



	    T n    
	Near surface air temperature (°K)



	u
	Wind speed (m s−1)



	uavg
	Average daily values of wind speed (m s−1)



	Zom
	Surface roughness (m)



	  zo  
	Roughness length of crop with complete canopy cover (s m−1)



	   z ó   
	Roughness length of soil surface (s m−1)



	  α  
	Surface albedo (dimensionless)



	    α i    
	Instantaneous surface albedo (dimensionless)



	    ε a    
	Effective atmospheric emissivity (dimensionless)



	    ε 0    
	Superficial emissivity (dimensionless)



	  λ  
	Latent heat of vaporization (1013 MJ kg−1),



	    ρ w    
	Water density (1000 kg m−3),



	  σ  
	Stefan-Boltzmann constant (5.67 × 10−8 Wm−2 °K−4)



	  γ  
	Psychrometric constant (kPa °K−1)



	    τ sw    
	Wide-band atmospheric transmissivity (dimensionless)



	Ψmd
	Midday stem water potential (MPa)



	  Δ  
	Slope of the saturation vapor pressure curve at the mean temperature (kPa °C−1)
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Figure 1. (a) Daily variation of net radiation (    Rn avg    ) and reference evapotranspiration (    ET o    ); (b) average daily values of temperature (Tavg) and average daily values of wind speed (uavg). The vertical bars indicate the time of satellite overpass (SO). Also, phenological stages are indicated by an abbreviation followed by an arrow where F = flowering, FS = fruit Set, PH = pit hardening and FC = fruit colouring. 
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Figure 2. Energy balance closure at interval of 30 min for the days when the satellite overpassed the experimental site. H, LE, Rn, and G correspond to sensible heat flux (W m−2), latent heat flux (W m−2), net radiation (W m−2), and soil heat flux (W m−2), respectively. The coefficient of determination (R2) was 0.88 and the (   Rn − G   )/(   H + LE   ) ratio was 0.89. 
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Figure 3. Comparison between estimated and observed values of instantaneous latent heat flux (    LE i    ) from the two-source model and instantaneous available energy (    A i    ) at the time of satellite overpass. Values of index of agreement (d) for     LE i     and     A i     were 0.8 and 0.82, respectively. 






Figure 3. Comparison between estimated and observed values of instantaneous latent heat flux (    LE i    ) from the two-source model and instantaneous available energy (    A i    ) at the time of satellite overpass. Values of index of agreement (d) for     LE i     and     A i     were 0.8 and 0.82, respectively.



[image: Water 10 00339 g003]







[image: Water 10 00339 g004 550] 





Figure 4. Comparison between estimated and observed values of daily actual evapotranspiration of a drip irrigated olive orchard. (    ET sw    ). Index of agreement (    I a    ) for     ET sw     was equal to 0.95. This comparison was done using days when satellite images were available. 
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Figure 5. Maps of daily actual evapotranspiration (ET) computed from the SW model using remote sensing and meteorological data. 
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Figure 6. Maps of instantaneous Available energy (Ai) generated from satellite images and ground-based climate data. 
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Table 1. Images selected for processing the Shuttleworth and Wallace model (SW) and main phenological stages of a drip-irrigated olive orchard.
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Date

	
Day of Year

	
Overpass Time

	
Scene Cloud Cover

	
Phenological Stages




	
(dd-mm-yy)

	
(DOY)

	
(UTC)

	
(%)






	
4/02/2009

	
35

	
2:24:02 p.m.

	
1

	
FC




	
20/02/2009

	
51

	
2:24:12 p.m.

	
2

	
FC




	
3/11/2009

	
307

	
2:24:42 p.m.

	
7

	
F




	
5/12/2009

	
339

	
2:25:05 p.m.

	
21

	
FS




	
21/12/2009

	
355

	
2:25:21 p.m.

	
1

	
PH




	
6/01/2010

	
6

	
2:25:38 p.m.

	
1

	
PH




	
22/01/2010

	
22

	
2:25:52 p.m.

	
0

	
PH








F = flowering; FS = fruit set; PH = pit hardening; FC = fruit colouring.
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Table 2. Meteorological conditions during the study period.
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DOY

	
Date

	
    E  T o     

	
    E  T oi     

	
RH

	
Ta

	
U




	
(mm d−1)

	
(mm h−1)

	
(%)

	
(°C)

	
(m s−1)






	
35

	
4/02/2009

	
7.88

	
0.56

	
51.94

	
22.91

	
0.81




	
51

	
20/02/2009

	
6.88

	
0.52

	
54.16

	
17.92

	
4.11




	
307

	
3/11/2009

	
5.13

	
0.54

	
58.85

	
14.12

	
2.33




	
339

	
5/12/2009

	
6.47

	
0.57

	
56.12

	
16.36

	
1.17




	
355

	
21/12/2009

	
6.69

	
0.69

	
47.6

	
21.29

	
2.69




	
6

	
6/01/2010

	
7.84

	
0.6

	
53.53

	
21.33

	
2.69




	
22

	
22/01/2010

	
7.75

	
0.61

	
52.99

	
22.17

	
1.29




	

	
Mean

	
6.95

	
0.58

	
53.6

	
19.44

	
2.16




	

	
D.E.

	
0.99

	
0.06

	
3.5

	
3.33

	
1.15








where     ET o     = daily reference evapotranspiration,     ET oi     = instantaneous reference evapotranspiration, RH = Relative air humidity, Ta = Air Temperature and u = wind speed.
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Table 3. Model validation of instantaneous values of net radiation (    Rn i    ), soil heat flux (    G i    ), available energy (    A i    ), and latent heat flux (    LE i    ) over a drip irrigated olive orchard. Also, daily actual evapotranspiration (    ET SW    ) is included in the analysis.
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	Variable
	RMSE
	MAE
	     I a     
	b
	t-Test





	    Rn i     (W m−2)
	39
	32
	0.79
	0.96
	F



	    G i     (W m−2)
	33
	27
	0.5
	0.92
	F



	    A i     (W m−2)
	25
	21
	0.82
	0.96
	F



	    LE i     (W m−2)
	26
	20
	0.8
	0.88
	F



	    ET SW     (mm d−1)
	0.31
	0.28
	0.95
	0.90
	F







where RMSE = Root mean square error, MAE = Mean absolute error, b = Ratio of estimated to observed values and     I a     = Index of agreement. T = null hypothesis (b = 1) True; F = alternative hypothesis (b ≠ 1).
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Table 4. Sensitivity analysis to instantaneous actual evapotranspiration (    ET i    ).
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	Variables
	Symbol
	Parameters
	30%
	−30%





	Extinction coefficient of crop for net radiation (dimensionless)
	  C  
	0.66 *
	0.09
	0.53



	Zero plane displacement of crop with complete canopy cover (LAI = 4) (m)
	  d  
	2.01 *
	−0.26
	3.29



	Leaf Area Index (m2 m−2)
	  LAI  
	1.29 *
	13.93
	−14.52



	Eddy diffusivity decay constant in crop with complete canopy crop cover (dimensionless)
	  n  
	2.5 *
	2.16
	−0.95



	Mean boundary layer resistance per unit area of vegetation (s m−1)
	    r b    
	25 *
	1.87
	−1.44



	Mean stomatal resistance (s m−1)
	    r st    
	235 *
	−13.06
	19.96



	Aerodynamic resistance between canopy source height and reference level (s m−1)
	    r a a    
	**
	4.51
	−4.45



	Bulk boundary layer resistance of the vegetative elements in the canopy (s m−1)
	    r a c    
	**
	1.87
	−1.44



	Aerodynamic resistance between the substrate and canopy source height (s m−1)
	    r a s    
	**
	1.99
	−1.61



	Bulk stomatal resistance of the canopy (s m−1)
	    r s c    
	**
	−12.82
	20.3



	Surface resistance of the substrate (s m−1)
	    r s s    
	2000 *
	−3.19
	5.93



	Instantaneous net radiation (W m−2)
	    Rn i    
	**
	20.60
	−20.03



	Instantaneous Soil heat flux (W m−2)
	    G i    
	**
	−2.18
	2.75



	Instantaneous available energy (W m−2)
	    A i    
	**
	17.96
	−17.39







* Constant values; ** Computed values.
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