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Abstract

:

The culture of açaí (Euterpe oleraceae M.), originating from floodplain areas, was planted on dry land in many properties in Pará, Brazil, making necessary the use of irrigation. To irrigate adequately with less waste, it is necessary that studies aim at increasing efficiency in the use of water in this sector, and one of the ways to do so is to estimate evapotranspiration (ET). The objective of this study was to estimate the actual daily evapotranspiration using the Surface Energy Balance Algorithm for Land (SEBAL) in eastern Amazonia. Six images from the Landsat 8 satellite were used, and the estimates of evapotranspiration with the SEBAL algorithm showed good agreement with the results obtained by the Bowen ratio method in the area of açaí planting, including the mean absolute error (MAE), mean relative error (MRE), root of mean square error (RMSE), and the concordance index (d index) equal to 0.45 mm day−1, 4.23%, 0.52 mm day−1, and 0.80, respectively. SEBAL showed the ability to distinguish the soil cover, demonstrating the sensitivity of the model, which provided the mapping of the components analyzed. The use of the algorithm helps in decision making regarding irrigation management and reducing costs and water losses.
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1. Introduction


The lack of water for various forms of consumption, including irrigation, is already an important issue in many parts of the world and is expected to become an even greater issue due to population growth, increased demand for food [1], and likely future climate change scenario [2]. The need for water for irrigation and food production has become one of the most pressing demands on water resources, making irrigated agriculture the most water-demanding sector [3]. However, by applying effective water resource management, water use efficiency in the agricultural sector has been increased with profitable and sustainable irrigation aimed at the minimum waste of water in the system [4].



The state of Pará, north of Brazil, in recent years has migrated its cultivation areas of açaí (Euterpe oleraceae M.), a fruit originally from flooded regions, to areas of solid ground, mainly in the northeast of Pará [5]. In order to avoid water losses during the less rainy period through irrigation, which is still applied empirically, the planning and study of water losses through the estimation of evapotranspiration (ET), either directly or indirectly [6], is indispensable.



The rational use of water through irrigation management requires accurate information on water consumption by plants, which depends, for example, on the availability of water in the soil, plant characteristics, and atmospheric demand [7]. An estimate of crop evapotranspiration can be obtained directly or indirectly through lysimetry [8], eddy covariance [9], soil water balance [10], or the Bowen ratio [11].



On the other hand, the limitations of ET estimation techniques, in loco, with direct and indirect measurement methods, are that they produce point values or are used for small areas [6], are applicable to a relatively homogeneous area around the measurement equipment [12], and cannot be extrapolated directly to regional scales [13] since they are not representative of larger areas [14].



Thus, the use of methodologies that make it possible to evaluate exchange processes in the soil–plant–atmosphere system on a regional scale, such as remote sensing, allows the determination of ET in areas with different types of use of varying dimensions [15]. Remote sensing tools have been widely applied in studies on energy fluxes and evapotranspiration, considering the energy balance with two sources [16]; in the evaluation of the spatial variability of evapotranspiration [17]; the use of water in smart irrigation monitoring and control strategies [18]; and the role of vegetation and climate change in evapotranspiration [19,20].



The Surface Energy Balance Algorithm for earth (SEBAL) is one of several existing models that can estimate ET without prior knowledge of the soil, crop, and management conditions [21]. The model has been used in several biomes and different analyses, obtaining satisfactory results in several regions of Brazil [15,20,22,23,24,25,26,27].



Since the estimation of evapotranspiration is important to determine the amount of water to be offered to crops in the form of irrigation and that can be obtained by remote sensing, the objectives of this research were to (1) estimate the actual daily evapotranspiration of irrigated açaí through the SEBAL in eastern Amazonia using Landsat 8 satellite images, (2) compare the energy balance and evapotranspiration components estimated by the SEBAL algorithm with the data obtained from the surface in the açaí plantation area, (3) evaluate the performance of the algorithm, and (4) elaborate the mapping of the spatial distribution of the energy balance and evapotranspiration components.




2. Materials and Methods


2.1. Study Area


The study was conducted in an area of 17,750 ha (Figure 1) in the municipality of Capitão Poço, belonging to the northeastern Paraense region of the eastern Legal Amazon. The rainy season of the region usually extends from December to June and the dry (less rainy) season from July to November [28].



The açaí was planted for commercial purposes in 2012 at Fazenda Ornela in the municipality of Capitão Poço. The planting spacing was 6.0 × 4.0 m, with three plants per clump, cultivated on dry land with daily irrigation, during the driest four months of the year (Aug–Nov), using a microaspersion system, where a gross empirical blade of 3.28 mm was applied daily. In 1 ha of the plantation, the field experiment was implemented (Figure 1), which was conducted during two açaizeiro harvests: the first from September 2017 to October 2018 and the second from November 2018 to October 2019.



In the experimental area, a 14 m high micrometeorological tower was installed (Figure 1), where three automatic meteorological data recorders that were distributed along the canopy (two from Campbell Scientific (Garbutt, Australia), model CR1000, and one from Onset Hobo (Bourne, MA, USA), model U30) were coupled. The system’s programming included reading the sensors every ten seconds and extraction of their averages every 20 min. The location of the tower obeyed the minimum requirements of area edge, presenting the available “fetch” (higher than the ratio 1:100), so that the obtained measurements were representative of the experimental area without the influence of advective energy [29]. Table 1 shows the sensors used in the experiment and their arrangement in relation to the soil or canopy. The data from the tower were used to compare the energy balance and evapotranspiration data estimated with the SEBAL algorithm.




2.2. Data from Landsat 8 Satellite Sensors


Six images generated by the Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) of the Landsat 8 satellite were used, acquired free of charge from the United States Geological Survey (USGS) website which distributes both Landsat and other satellite data. For the selection of the satellite images, the data collection period of the micrometeorological tower was considered, as well as the least cloud interference in the analyzed scene (<10%), mainly at the micrometeorological tower site.



The days selected were 20 November and 22 December 2017 (orbit/point 222/61); 31 May (orbit/point 222/61) and 7 June (orbit/point 223/61) of 2018; and 26 June and 29 August 2019 (orbit/point 223/61), respectively, on Julian days 324, 356, 151, 158, 146, and 241. Initially, all OLI and TIRS sensor bands were stacked and cut out for the specific study area (açaí plot), before obtaining the different components of the radiation and energy balances.




2.3. Surface Energy Balance Algorithm for Land (SEBAL) Method


The latent heat flow (LE) (W m−2) was obtained according to Equation (1) [30]:


  L E = R n − G − H  



(1)




where   R n   is the balance of radiation, G is the heat flow in the ground, and H is the sensitive heat flow, with units in W m−2.



The balance of radiation (Rn) was obtained according to Bastiaanssen et al. [21]:


  R n =   R   S ↓     1 −   α   s u p     −   R   L ↓   +   R   L ↑   −   1 −   ε   0       R   L ↓    



(2)




where     R   S ↓     is the incident shortwave radiation (W m−2);     α   s u p     is the corrected surface albedo of each pixel;     R   L ↑     is the longwave radiation emitted from the atmosphere (W m−2);     R   L ↓     is the longwave radiation emitted from the surface (W m−2); and     ε   0     is the emissivity of each pixel. The methodology proposed by Allen et al. [31] was followed to obtain     α   s u p    ,     R   L ↓    ,     R   L ↑    , and ε.



The heat flow of the soil (G) (W m−2) was calculated according to the empirical equation developed by Bastiaanssen [30]:


  G =     T   S     0.0038 + 0.0074 ∗ α     1 − 0.98 ∗   N D V I   4       R n  



(3)




where     T   S     is the surface temperature (°C), α is the surface albedo, and NDVI is the vegetation index of the normalized difference that was obtained through the following expression (Allen et al. [31]):


  N D V I =     r   4   −   r   5       r   4   +   r   5      



(4)




where     r   4     and     r   5     are the reflections corresponding to the near-infrared (band 5) and the red of the solar spectrum (band 4), respectively.



The values of the sensitive heat flow (H) were estimated based on the wind speed and the temperature difference (dT) near the surface between the levels in the atmosphere:


  H =   ρ   c   p   d T     r   a h      



(5)




where   ρ   is the specific mass of air (Kg m−3);     c   p     is the specific heat of the air at constant pressure (1004 J kg−1 K−1);   d T   represents the temperature difference near the surface in Kelvin; and     r   a h     is the aerodynamic resistance to heat transport (sm−1) between two heights near the surface (Z1 = 0.1 m and Z2 = 2.00 m).



The main hypothesis of the SEBAL model is to consider the existence of a linear relationship between the surface temperature difference and the air temperature, i.e., dT = a + b ∗ Ts. The obtaining of coefficients “a” and “b” demands the definition of two anchor pixels (hot and cold), which represent extreme conditions of temperature and humidity. The hot pixel was obtained in an area of exposed ground, with low NDVI and high values of temperature and albedo, where it was assumed that LE is null; therefore, H = Rn − G, and dT = H ∗ rah/ρ ∗ cp [30,32]. The cold pixel was obtained in an area with high vegetative vigor (high NDVI) and low temperature and albedo values, where H and dT were assumed to be null, and LE = Rn − G [30]. Such values of H were considered to initially serve only as input parameters of the iterative process in which they were used to identify the stability conditions of the atmosphere of each pixel according to the theory of similarity of Monin–Obukhov − L (m), computed according to Allen et al. [31]:


  L =   ρ   c   p     u   *   3     T   s     k g H    



(6)




where   ρ   is the density of the air (1.15 kg m−3); cp is the specific heat of the air at constant pressure;     u   *     is the speed of friction of each pixel of the images (m s−1); Ts is the temperature of the surface (K); g is the module of the terrestrial gravitational field (9.81 m s−2); and H is the flow of sensitive heat (W m−2), initially obtained considering the condition of neutrality. The values of L define the stability conditions as follows: when L < 0, the lower atmospheric limit layer is unstable, and when L > 0, the lower atmospheric limit layer is stable.



The values of the actual daily evapotranspiration (mm day−1) were obtained by extrapolation of the instantaneous value of LE (Equation (1)) in the daily value according to the methodology proposed by Bastiaanssen [30]:


    E T   24 h   = 0.035 ∗     L E   R n − G     ∗   R s   24 h   ∗   1 − α   − 110 ∗     τ   s w     24 h    



(7)




where     R s   24 h     is the daily global solar radiation (Wm−2),   α   is the surface albedo;       τ   s w     24 h     is the daily average atmospheric transmittance, obtained as the ratio between the measured daily global solar radiation (    R n   24 h    ) (MJ m−2) and the daily solar radiation incident at the top of the atmosphere (    R s   t o a    ) (MJ m−2); and 0.035 is the conversion factor from W m−2 to mm day−1.



The data of energy flows and evapotranspiration in the açaí plantation area were determined by indirect methods. The Bowen ratio method was used as proposed by Perez et al. [33]. Details about the experiment with Bowen’s ratio method can be found in Sousa et al. [6].




2.4. Algorithm Performance


For the performance evaluation of the algorithm, comparing the data observed in the field and the values estimated by the SEBAL algorithm, the methods of mean absolute error (MAE), mean relative error (MRE), the root of mean square error (RMSE), and the concordance index (d) developed by Willmott et al. [34] were used.


  M A E =   1   N     ∑  i = 1   N    | E − O |    



(8)






  M R E =   100   N     ∑  i = 1   N      | E − O |   O      



(9)






  R M S E =    ∑  1   N        ( E − O )   2     N       



(10)






  d = 1 −     ∑  i = 1   n        E   i   −   O   i       2        ∑  i = 1   n        | E   i   −   O  ¯  | +   | O   i   −   O  ¯  |     2       



(11)




where N is the number of pairs of the variables. E(Ei) and O(Oi) are, respectively, the values estimated by SEBAL and observed in the field for each variable evaluated.    O  ¯    is the overall mean of the observed values.



The MAE calculates the “mean absolute error” of errors between observations and simulations. The RMSE represents the root mean square of the errors between the observed values and those simulated by SEBAL with the same unit as the evaluated variable. Both statistical indices (MAE and RMSE) represent the average SEBAL error in relation to the observed data, and the lower their values, the better the estimate. The mean relative error (MRE) is defined as the ratio between the MAE and the value observed in the field. The MRE indicates how good the estimate is in relation to the magnitude of the observed variable; it is usually multiplied by 100 to express it as a percentage. Index d specifies the degree to which the observed deviations from Ō correspond, both in magnitude and sign, to deviations predicted by SEBAL from Ō. Values of index “d” close to 1 indicate an excellent agreement between the observed value and the simulated value, or that the error between them is small.





3. Results


3.1. Weather Conditions


The variability of the monthly average air temperature and relative humidity of the data observed on the surface, for the period from September 2017 to November 2019, are represented in Figure 2a. The average air temperature during the studied period was 25.9 °C, oscillating between 25.1 °C and 27.2 °C, and the relative humidity of the air was an average of 89.1%, varying between 83.5% and 93.2%.



The total annual rainfall recorded in the study area for the same period was 2440 mm, where it was observed that the rainiest months were from January to June, with a peak in February (Figure 2b).



The information recorded by the sensors of the micrometeorological tower corresponding to the days analyzed in the Landsat 8 images, as well as information obtained from the metadata of the images, is shown in Table 2.



The daily global solar radiation (    R s   24 h    ) varied between 20.3 and 22.6 MJ m−2, while the Rn varied between 12.7 and 15.5 MJ m−2. The maximum air temperature, obtained in the micrometeorological tower, was 32.5 °C and the minimum 29.3 °C. The relative humidity of the air showed variability between 66.5% on 20 November 2017 and 82.6% on 26 June 2019. The highest global instantaneous radiation recorded on the days evaluated at the moment of the satellite passage was 924.06 W m−2 on 20 November 2017 (DOY 324) followed by 844.67 W m−2 on 22 December 2017 (DOY 356). Despite this, the total     R s   24 h     on these two days did not follow the same trend, with lower Rn values compared to the other days.




3.2. Comparison with Field Data


Figure 3 presents the values of energy flows obtained in the field through the micrometeorological tower installed in the açaí plantation area and the values estimated by the SEBAL algorithm at the time of the satellite passage.



For the radiation balance (Figure 3a), smaller differences were noticed between the estimated and observed values at the moment of the satellite passage, with an MRE of 2.84%, MAE of 18.65 W m−2, RMSE of 25.80 W m−2, and concordance index of 0.79 (Table 3).



For the heat flow in the soil (G), a greater discrepancy between the data was observed, mainly for 22 December 2017 (DOY 356) (Figure 3b), with the lowest index of agreement observed and errors equal to 64.42%, 20.81 W m−2, and 22.28 W m−2 for MRE, MAE, and RMSE, respectively (Table 3).



Among the energy balance variables, it can be observed that for the sensitive heat flow there was an overestimation on 31 May 2018 (DOY 151) (Figure 3c). For this component, the MRE was 9.89%, MAE was 17.97 W m−2, RMSE was 24.62 W m−2, and concordance index was 0.73 (Table 3).



Regarding the latent heat flow (Figure 3d), it was observed that the differences between the estimated and observed values were smaller too, similar to those observed for Rn. For LE, an MRE of 5.75%, MAE of 24.03 W m−2, RMSE of 31.14 W m−2, and   d   equal to 0.83 were obtained (Table 3).



Figure 4 shows the evapotranspiration values obtained in the micrometeorological tower and estimated by the SEBAL algorithm for the days analyzed.



Small differences were observed between the data estimated by SEBAL and those observed in the field, namely, the mean relative error, mean absolute error, root of the mean square error, and concordance index, equal to 4.23%, 0.45 mm dia−1, 0.52 mm dia−1, and 0.80, respectively (Table 3). It can be noted that the first days analyzed showed lower estimated and observed evapotranspiration values compared to the other days, although at the time of the satellite passage, the radiation balance (Figure 3a) and the latent heat flux (Figure 3d) resulted in possible high values.




3.3. Spatialization of Energy Balance and Evapotranspiration Components


Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 represent the spatial distributions of the variables albedo   ( α )  , radiation balance (Rn), surface temperature     T    , sensitive heat flow (H), latent heat flow (LE), and actual daily evapotranspiration     ( E T   24 h   )  , from 20 November 2017 (DOY 324) to 29 August 2019 (DOY 241).



Figure 5 shows the spatial variability of albedo from 20 November 2007 to 29 August 2019. The average albedo value for the whole scene on the first day evaluated was 0.22 (Figure 5a), and the maximum recorded in areas with exposed soil was 0.39. On 22 December 2017, the average value of albedo was 0.19 (Figure 5b). According to the scene analyzed on 31 May 2018 (Figure 5c), the average albedo of the area was 0.21, while in areas with exposed soil the values were between 0.29 and 0.35. The average value of the albedo was 0.18 on 7 June 2018, which varied in the area according to the type of surface coverage, foliar thickening of the plants, and incidence angle of the sun rays (Figure 5d). The albedo estimate at the point referring to the micrometeorological tower was 0.14 (Figure 5e). The average albedo of the scene obtained on 29 August 2019 was 0.19, and 0.16 at the point referring to the micrometeorological tower (Figure 5f).



For the Rn variable, it is noticed that in areas with exposed soil (in yellow on the map) the values of Rn ranged from 498.35 to 597.58 W m−2 (Figure 6a) on 20 November 2017 (the green color represents clouds in the image). On 22 December 2017, the Rn values that were between 530 and 641 W m−2 represent areas of exposed soil (Figure 6b). The average of the values for Rn was 629.61 Wm−2, with a maximum of 770 Wm−2. The average Rn was 575.1 W m−2 with a maximum value of 698.3 W m−2 on 31 May 2018 (Figure 6c). On 7 June 2018 (Figure 6d), the average Rn was 579.8 W m−2, with a maximum value of 694.63 W m−2. The data for 26 June 2019 is spatialized in Figure 6e. The average radiation balance was 585.28 W m−2 with the lowest observed value of 124.95 W m−2. On 29 August 2019, the radiation balance remained between 169.34 W m−2 and 734.49 W m−2 (Figure 6f).



On 20 November 2017, the estimated surface was highest from the central region down (Figure 7a). On 22 December 2017, during the rainy season, it was more stable (Figure 7b). The estimated temperature on 7 June 2018 varied from 20.07 °C to 32.3 °C with an average of 24.6 °C (Figure 7c). On 7 June 2018, the surface temperature estimate, at the point referring to the micrometeorological tower, was 25.6 °C (Figure 7d). The estimation obtained through the algorithm indicated a minimum surface temperature value of 22.3 °C and a maximum of 34.2 °C on 29 August 2019 (Figure 7f).



The maximum value for sensitive heat flow (H) was 429.29 W m−2 in the exposed soil area on 20 November 2017 (Figure 8a), while on 22 December 2017 this maximum value was equal to 528.4 W m−2 (Figure 8b). On 31 May 2018, the maximum value of H was 498.2 Wm−2 (Figure 8c), which was recorded in a place with less presence of vegetation cover and a higher temperature of 33.27 °C (Figure 7c). On 7 June 2018 (Figure 8d), the sensitive heat flow varied from 69.41 W m−2 to 509.12 W m−2, with an average value of 108.24 W m−2. The highest values of the sensitive heat flow were registered in areas with exposed soil on 26 June 2019 (Figure 8e); at the point referring to the tower, the H was 198.55 W m−2, and the average value for the analyzed scene was 187.09 W m−2. On 29 August 2019, the average value for the sensitive flows was 186.06 W m−2; for the micrometeorological tower point, this value was equal to 123.48 Wm−2 for H (Figure 8f).



The average value obtained for latent heat flow (LE) on 20 November 2017 was only 393,24 W m−2 (Figure 9a), less than the other periods evaluated. On 22 December 2017, the average value obtained for LE was 430.94 W m−2, with a maximum of 698 W m−2 in vegetated areas, indicating that most of the incident solar radiation is used by the plants in the evapotranspiration process as a form of latent heat (Figure 9b). An average of LE equal to 429.3 W m−2 and a maximum of 633.3 W m−2 were obtained in an area with vegetation fragments on 31 May 2018 (Figure 9c). On 7 June 2018, the LE estimates show an average of 452.91 W m−2 and a maximum of 733.78 W m−2 (Figure 9d). The highest values of latent heat flow obtained on 26 June 2019 are in areas with a higher density of vegetation (Figure 9e), and the maximum recorded reached a value of 558.92 W m−2. The average value for latent flows on 29 August 2019 was 468.69 W m−2; for the micrometeorological tower point, this value was equal to 441.17 Wm−2 (Figure 9f).



The daily evapotranspiration estimates over the period evaluated are presented in Figure 10. It was observed that in relation to heterogeneous soils the distribution of the daily value of ET was well distinguished by the model, with an average value for the scene of 3.64 mm day−1 on 20 November 2017 (Figure 10a). At the point where the micrometeorological tower was located, the ET estimated by SEBAL on this day was 4.16 mm day−1. In areas of surfaces covered with vegetation, it was observed that the ET was higher, reaching up to 6.45 mm in some areas, which also had high NDVI (>0.5) and low temperatures (Figure 7). The highest values of evapotranspiration were in areas with vegetal covering, namely, permanent preservation areas (APP) and fragments of dense vegetation (Figure 10b), as observed on 22 December 2017. On 31 May 2018, the mean ET value was 3.28 mm day−1 (Figure 10c) and the estimated ET in the açaí planting area was 4.39 mm day−1. The average value of ET on 7 June 2018 was 4.00 mm day−1, and at the site referring to the micrometeorological tower it was 4.47 mm day−1 (Figure 10d). On 26 June 2019, in areas with low vegetation the ET values were between 2.04 and 2.95 mm day−1, and the lowest estimates were in exposed soil areas (Figure 10e). On this day, the evapotranspiration value estimated in the açaí planting area was 4.13 mm day−1. Among all periods evaluated, the scene obtained from 29 August 2019 indicated a day with more available energy (Figure 6f) and latent flux (Figure 9f), and the evapotranspiration value in the açaí plantation was 4.49 mm day−1 (Figure 10f), while the average obtained for the analyzed scene was 4.14 mm day−1.



Figure 11 represents the spatial variability of evapotranspiration in the açaí plantation plot estimated with the SEBAL algorithm for the images analyzed in this study over the periods evaluated.



In the analysis of the recorded evapotranspiration values, a general average equal to 3.99 mm day−1 was observed, with a minimum average of 3.11 mm day−1 on 26 June 2019 (Figure 11e), and a maximum of 4.59 mm day−1 on 29 August 2019 (Figure 11f). The lowest value observed among the images was 2.70 mm day−1 on 26 June 2019; this value is below the empirical water slide used in the entire area by the owner (3.28 mm day−1). The maximum value was 4.89 on 29 August 2019 (Figure 11f).



The total evapotranspiration in the demarcated area estimated via remote sensing using SEBAL was 311.5 mm and 301.3 mm on days 324 and 356 of the year 2017 (Figure 11a,b, respectively), 364.1 mm and 339.1 mm for days 151 and 158 of the year 2018 (Figure 11c,d), and 253.0 mm and 371.6 mm for days 177 and 241 of 2019, respectively.



When considering the total evapotranspired water for the whole demarcated area based only on the value measured by the tower—equal to 4.39; 3.94; 4.53; 4.38; 4.25; and 4.24 mm day−1, respectively, with the totals respectively equal to 355.3; 319.3; 366.6; 355.0; 344.5; and 343.6 mm—it was possible to observe errors that varied from 0.7% to 26.6%, which can affect irrigation management and which demonstrate the importance of considering the existing spatial variability in the area.



Using the ETc estimated by SEBAL and the reference evapotranspiration (ETo) obtained from the automatic meteorological station of the National Institute of Meteorology (INMET), located 7 km from the experimental site, the simple crop coefficient (Kc) was obtained as the ratio of ETc to ETo and compared to the observed values for this açaí plantation plot found by Sousa et al. [6], according to Allen et al. [35] (Table 4).



It is noticed that SEBAL can be used to simulate the crop coefficient with good performance. The Kc values estimated by SEBAL range from 0.78 to 1.13, similar to the observed values (0.82 to 1.17). The Kc values simulated for the acai tree are similar to those of other perennial fruits, such as cacao and palm oil [35], which have Kc values ranging from 0.90 to 1.05. Additionally, it is noted that the variability observed in the field could be reproduced by the model, confirming its robustness and applicability in the region.





4. Discussion


4.1. Comparison with Field Data


The data in Table 2 indicate the climatic variability obtained in the study area. The lowest precipitation rates were in the period from July to November (Figure 2b). The maximum UR registered by the sensors of the micrometeorological tower was 82.6% on 26 June 2019. The municipality is located in a region subject to high rainfall at certain times of the year, which raises the relative humidity [36], as can be seen in Figure 2a.



According to Sousa et al. [6], the açaí tree in this region has two well-defined phases in well-defined seasons: the inflorescence phase predominates in the wettest period of the year (between November and March), while the inflorescence phase occurs in most of the rainy period and the beginning of the less rainy period (from March to October). The estimation of evapotranspiration during most of the infructescence phase is essential in supporting irrigation management due to the reduction in rainfall.



The available energy (Rn) values on the analyzed days were similar despite having been evaluated at different times of the year, and it was noticed that the average of the selected days in the year 2017 (DOY 324 and 356) was below the average of the other analyzed years (Table 2). The low values of Rn obtained for the 24 h period on days 324/2017 and 356/2017 are a consequence of the reduction in total solar radiation (Rs24h) recorded by the meteorological station after the moment of the satellite passage, which does not necessarily coincide with the pattern established at that moment (Rsinst).



Considering that SEBAL estimates the total evapotranspiration of the day as a function of the availability of energy in the form of latent heat from the evaporative fraction at the time of the satellite’s passage, the natural variability observed throughout the day is an important factor in determining the ETc. In spite of this small difference, the lower energy availability at the end of the year in this region is associated with the degree of cloudiness present in the atmosphere that causes a larger energy balance even in the winter period of the southern hemisphere [37].



The values estimated by the SEBAL algorithm were compared to the values coming from the micrometeorological tower at the moment of the satellite passage, as shown in Figure 3 and Table 3. For the radiation balance (Rn) (Figure 3a), higher values were estimated on 22 December 2017 and 7 June 2018, and these peaks may be related to the higher amount of clouds in these periods in the region. In tropical areas, the seasonal changes in cloud cover are the main influence on the incidence of solar radiation [28]. The Rn showed the lowest average relative error value among the energy flows and a good concordance index (Table 3). Similar results were found in different studies on radiation balance estimation using SEBAL, demonstrating the efficiency of the model for studies with this objective. Oliveira et al. [38], analyzing the liquid radiation in the Amazon in the southwest of the state of Pará, recorded RMSE ranging from 18.7 to 24.8 W m−2. Oliveira and Moraes [39] estimated and validated Rn in areas with pasture and forest characterizations in the central eastern portion of the state of Rondônia and obtained MRE errors of less than 3%.



In Ruhoff et al. [40], the error for the radiation balance was equal to 4% in studies on the estimation of evapotranspiration in the Rio Grande basin located in the tropical area of Cerrado. Good estimates of Rn using the SEBAL model were also found by Santos et al. [41] in the Jaru Biological Reserve in the Legal Amazon in the state of Rondônia, whose errors ranged from 7 to 16%. Thus, in this study, it is verified that the radiation balance estimate obtained by the SEBAL model in the analyzed area presented satisfactory results since, according to Ferreira et al. [15], for studies involving measurements and estimates of Rn with remote sensing, errors are expected to be small.



The greatest discrepancy between the values estimated by the algorithm and obtained at the surface was found for the heat flow in the soil (G) (Figure 3b), being the component which, when estimated with the aid of orbital images, presents greater uncertainties. The observed overestimation of this flow may be related to the effect that each canopy causes in the soil, sometimes working as a thermal insulator and reducing the radiation that reaches the surface [22], besides the fact that the measurements “in loco” are not always representative of the whole area [14]. However, this fact is not considered a limiting aspect of the model on a large scale, since the measurements of G “in loco” represent small areas, when the soil and vegetation cover are considered homogeneous [30]. Bastiaanssen et al. [21] affirm that the estimate of G via remote sensing is the one that presents the greatest difficulty due to the complexity in obtaining accurate data in the field. This also occurred in other studies, such as Timmermans et al. [42], who applied SEBAL in two experimental regions in Arizona and Oklahoma and obtained MAE and RMSE results equal to 24.0 W m−2 and 29.0 W m−2, respectively. Mendonça et al. [22], in the southeast region of Brazil, noticed significant overestimations of the heat flow in the soil above 60%. Monteiro et al. [43], in an irrigated soybean cultivation area in the municipality of Cruz Alta (RS), also obtained RMSE equal to 27.77 W m−2.



By analyzing the sensitive heat flow (H), it was observed that the model underestimated the observed data (Figure 3c); however, in relation to the methods used to evaluate the performance of the algorithm (Equations (8)–(11)), the results obtained were considered satisfactory (Table 3). The underestimation of variable H obtained in this study was also observed in Ruhoff et al. [40] in the Rio Grande basin between the states of São Paulo and Minas Gerais; these authors observed discrepancies in this component compared with surface data; however, the products obtained were acceptable. For Mendonça et al. [22] and Ruhoff et al. [40], the differences in the flow of sensible heat can be generated by the choice of pixel “anchors”; thus, after the creation of SEBAL, there were studies proposing different ways to choose these pixels, since this selection is subjective to each user and depends on each region in the study. For French et al. [44], these differences can be explained by a set of several factors relative to uncertainties and simplifications introduced in the algorithm, such as UR,    Z   0 m   ,   T   a   , a n d     ε   a    .



In Figure 3d, we have the values of latent heat flow (LE) at the moment of the satellite passage; the course of this flow follows the pattern of available energy (Rn), showing that most of the Rn, in the planting of açaí, is being directed to the evapotranspiration process of the plant. One of the factors that may have caused the minimum peaks observed on 31 May 2018 and 26 June 2019 is the low atmospheric demand in these periods, making the plant transpiration rate low. Field studies with other crops including palm trees also observed low rates of transpiration being caused, among other variables, by the contribution of atmospheric demand [45].



When comparing the data obtained in the açaí plantation with the results estimated by SEBAL, a good performance of the model was found for LE (Table 3). A similar result was found by Bhattacharya et al. [46] analyzing the estimate of regional evapotranspiration on agricultural land in India, with MRE and RMSE results equal to 22% and 28 W m−2, respectively. Relative errors between 3.8 and 9.6% were obtained by Bezerra, Silva, and Ferreira [32] when comparing castor bean and cotton crop data estimated with SEBAL with Bowen’s ratio method in the Cariri (EC) mesoregion. Bezerra et al. [25], in the semiarid region of northeastern Brazil, registered MAE, MRE, and RMSE equal to 19.4 W m−2, 4.4%, and 25.5W m−2, respectively.



The daily evapotranspiration (ET) estimation obtained by the SEBAL algorithm was similar to that observed in the field, calculated by Bowen’s ratio method (Figure 4), being the available energy that is converted and used by the plants in their evapotranspiration processes. It is noticed that the ETc on days 324/2017 and 356/2017 was lower than on the other days analyzed, although at the time of the satellite passage the energy available for the evaporation process was higher than in the rest of the period. This inverse behavior between Figure 3a,d and Figure 4 on the days in question corroborates the importance of total energy availability as one of the main determinants of evapotranspiration and not just the evaporative fraction established by the model at a given time of day.



The importance of determining the evapotranspiration of a crop, mainly in irrigated areas, is related to the determination of the water consumption by the plants and also to the irrigation blade that must be applied in the system [47], thus avoiding water losses. A good performance of the model was observed (Table 3); the errors associated with the ET component are acceptable (differences less than 15%) and in agreement with the literature on the application of remote sensing models for ET estimation [48]. It can be noted that this method offers the chance to assist producers in making decisions mainly concerning the irrigation of the cultivated area.



The study by Moreira, Adamatti, and Ruhoff [49], also in the Amazon region, showed errors ranging from 0.32 to 1.29 mm day−1, which demonstrates that the daily evapotranspiration values calculated by the algorithm were consistent when compared to “in loco” observations. Similar results were found by Silva et al. [23], in areas with coconut growing in the semiarid zone of the Brazilian Northeast, where the ET was estimated and presented an MAE, MRE, and RMSE equal to 0.43 mm day−1, 9.46%, and 0.53 mm day−1, respectively. In the analysis by Odi-Lara et al. [50], in a study carried out in a drip-irrigated apple orchard in Chile, the authors found promising results for the concordance index (0.90).



Oliveira et al. [24], estimating the ET in the Tapacurá river basin (PE), highlighted that despite the intense presence of clouds in the region the values obtained were considered satisfactory, with AMS, REQM, and ERM equal to 0.40 mm day−1, 0.51 mm day−1, and 9.63%, respectively, as in the analysis by Santos et al. [27]) in the northeastern region of Brazil, with REQM equal to 1.43 mm day−1. Silva et al. [26] obtained even more promising results for the municipality of Salto do Lontra (PR), with AMS equal to 0.3 mm day−1, demonstrating that the model obtained good estimates of evapotranspiration in the study area.




4.2. Spatialization of Energy Balance and Evapotranspiration Components


In areas with dense vegetation and ground vegetation, albedo values varied between 0.09 and 0.30 (Figure 5a–f). Because the denser vegetation has a darker color, it absorbs more solar radiation than the undergrowth and therefore has a lower albedo [51]. In these areas, most of the energy available to the environment is made available for the evapotranspiration process, cooling the vegetated surface [52].



In this study, the obtained average values in the analyzed scenes for the radiation balance (Rn) ranged from 575.10 W m−2 to 629.61 W m−2 (Figure 6). On the surface, the average value was around 646.09 W m−2. Also in northeast Pará, in a study by Freire et al. [53] carried out on a local scale analyzing the radiation balance in mangrove areas, averaged at 1:00 p.m., Rn was between 469 W m−2 and 572 W m−2. On the other hand, Souza, Rocha, and Ribeiro [37] obtained an average of 371.53 W m−2 in the harvest and between harvests of soybeans in eastern Amazonia. In the evaluated areas that had a low vegetation index or exposed soil, the radiation balance value (Rn) varied between 498.35 and 641.49 W m−2 (Figure 6a–f) and albedo between 0.17 and 0.45 (Figure 5a–f), which is related to an increase in the emission of terrestrial radiation resulting in lower Rn values.



Thus, an inversely proportional relationship is observed between these components (Rn and albedo) because the higher the coefficient of reflection, the more energy is reflected, and thus the lower the balance. The higher albedo values were already expected for the exposed soil areas, and in these same areas the estimated surface temperatures were higher (Figure 7a–f), confirming that the energy available to the environment is used for heating the soil and air adjacent to the surface in areas without vegetation cover, similar to the results obtained by Ferreira et al. [15] in exposed soil areas.



In the spatial distribution of the sensitive heat flow (H), shown in Figure 8a–f, it was verified that, in general, the smallest values of H correspond to small water bodies and areas of dense vegetation and vegetation fragments, with averages between 108.2 W m−2 and 187 W m−2 obtained. These values were low when compared with the study carried out at the local scale by Pereira and Rodrigues [54] in the municipality of Bragança, also in the northeast of the state of Pará, which found an average sensitive heat flow of 271.8 W m−2. The highest values of H were identified in areas of exposed soil, which had low NDVI (between 0.1 and 0.3), which was also reported by Ferreira et al. [15], in the Brazilian semiarid region, and by Mendonça et al. [22] in the northern region of Fluminense (RJ). These low rates of NDVI are related to the low vegetative vigor caused by the absence of vegetation; thus, a large part of the Rn is destined for the heating of the air in areas of exposed soil.



The highest values of latent heat flow (LE) (Figure 9a–f) correspond to areas with vegetation, with the red color representing areas with dense vegetation fragments, which also had high NDVI values, corroborating the methodology described in Allen, Tasumi, and Trezza [55]. There is a well-known and well-documented relationship between these areas with high NDVI values, i.e., areas with higher vegetation cover and lower surface temperature (Figure 7a–f), giving these areas a milder climate [56]. Thus, most of the available energy (Rn) in these areas is being directed to the transpiratory process of the plants in the form of LE consumption.



Figure 10a–f refer to the estimation of daily evapotranspiration (ET); the average estimated in the scenes was between 3.28 and 4.14 mm dia−1. The model was able to differentiate ET for the different types of ground cover since evapotranspiration is dependent on both atmosphere and surface parameters, that is, if there are changes in local parameters, this can cause variation in ET values. The highest ET values are in areas with dense vegetation, such as permanent preservation areas and vegetation fragments, which can be Legal Reserve Areas (LRAs), within the properties present in the analyzed area. The high vegetation indices (IAF > 3) found in these places explain the high values of evapotranspiration [47]. As açaí originates from floodplain areas with an abundance of water, the plant demands more water in the form of irrigation on firm ground; however, it is noted that in Figure 11 there are different values of evapotranspiration within the açaí plantation area itself, which would not make it necessary to standardize the use of a specific water blade for the entire area. This is noticeable in the analysis made in this study because currently the owner of the farm uses an empirical fixed slide of 3.28 mm day−1, which added together for the açaí plantation plot results in 265.68 mm day−1, but according to Figure 11e, for example, it results in 253.0 mm day−1.



Among the images analyzed, it was observed that higher ET values occurred on 29 August 2019 (Figure 11f) with a total evapotranspiration estimate equal to 371.6 mm for the delimited area of the açaí plot, an average of 4.49 mm day−1. This high value may be associated with the dry season in the region where there is not much rainfall and the temperatures are higher (Figure 7f), which contributes to a higher atmospheric demand (Table 4), which is eventually met due to the area receiving water through irrigation.



It is also verified that the values of ET inside the plot were greater than 3.0 mm day−1, except for on 26 June 2019 when a lower value was observed of 2.70 mm day−1 as well as a lower average of ET (3.11 mm day−1) (Figure 11e). These results can be explained by the high relative humidity of the air and the low temperature in this period in the region (Figure 3 and Table 2) because these variables comprise the climatic elements that help in the determination of the vapor pressure deficit, which is an indicator of the evaporative capacity of the air.



The variability found in the crop coefficients for açaí is due to the fact that the crop has different phases throughout the year, with a predominance of the inflorescence phase between November and March and the infructescence phase between March and October [6]. The days evaluated from the years 2017 and 2018 corresponded to the period in which the açaí tree was in the pre-flowering phase (DOY 324/2017 and 356/2017) and in the green fruit phase (DOY 151/2018 and 158/2018). According to Sousa et al. [6], the lower values of Kc during pre-flowering may be due to the transition from the less rainy season to the rainy season (Figure 1), when the amount of water in the soil is still a limiting factor, as well as the smaller leaf area of the acai tree due to the presence of new inflorescences located in the sheaths of the leaves which are released from the abscission of the leaves. The higher Kc in the green fruit stage may be associated with a better soil moisture level and a greater energy requirement for the crop to produce and dispose of photoassimilates for fruit growth and development, inducing a greater water demand by the plant [6].



Although the total estimate of the area presents differences (between 0.7 and 26.6%), it is important to remember that the values measured by the micrometeorological tower represent an estimate of an area at the windward side of the tower, and, considering the pattern adopted for the edge, represent a fetch of at least 200 m in the wind direction. These values represent the average evapotranspiration of the area but this unfortunately cannot be associated with the different pixels observed in the scenes used because it has not been monitored punctually with methodologies such as sap flow or water balance in the soil.



The value observed in the micrometeorological tower already indicates that the management adopted by the producer is inadequate to meet the water demand of the plant in the area, and, with the use of the SEBAL model, it was possible to corroborate this hypothesis for the spatial variability observed inside the plot of açaí (Figure 11). This fact demonstrates the importance of considering the spatial variability of the exchange processes existing in vegetated surfaces since the productivity to be reached is a reflection of the management adopted in the area, and, as shown in Figure 11, inside the plot there are areas with lower and higher water demand. Studies on the estimation of evapotranspiration in açaizeiro plantations using local methods and also using remote sensing are still scarce; however, it can be said that the methodology used in this study can bring satisfactory results for this purpose. Through the estimation of the energy balance with SEBAL, important information was obtained that can help producers to determine criteria for irrigation management as well as to establish the ideal water consumption of crops, thus reducing the expense of electric energy used for water pumping and reducing water waste.





5. Conclusions


The estimation of the energy balance components and the evapotranspiration by means of SEBAL applied to the OLI/TIRS sensor images of the Landsat 8 satellite are compatible with the data sets available on the açaí (Euterpe oleraceae M.) plantation surface.



The algorithm has good performance in determining the power fluxes H, LE, and Rn, with EAM equal to 17.97 W m−2, 24.03 W m−2, and 18.65 W m−2; ERM equal to 9.89%, 5.75%, and 2.84%; REQM equal to 24.62 W m−2, 31.14 W m−2, and 25.80 W m−2; and the concordance index equal to 0.73, 0.83, and 0.79, respectively.



Evapotranspiration (ET) presented good evaluation (ERM = 0.45 mm day−1, ERM = 4.23%, REQM = 0.52 mm day−1, and d = 0.80), which allows producers to use this methodology as an alternative to assist them in making decisions regarding irrigation management in cultivated areas, thus reducing expenses with energy costs and mainly water losses.



The results show the model’s potential to distinguish the different types of ground cover, demonstrating the sensitivity of the algorithm, which enabled the generation of maps of the distribution of the spatial and temporal variability of the components analyzed.
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Figure 1. Location of the study area and the micrometeorological tower in the açaí plantation. 
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Figure 2. (a) Average monthly temperature and relative humidity and (b) average total monthly precipitation from September 2017 to November 2019. 
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Figure 3. Comparison of the components of the energy balance between the data estimated by SEBAL and observed at the surface: (a) radiation balance (Rn); (b) heat flow in the soil (G); (c) sensitive heat flow (H); and (d) latent heat flow (LE). 
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Figure 4. Evapotranspiration values of the micrometeorological tower data and the data estimated by SEBAL. 
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Figure 5. Temporal distribution of albedo (α) on 20 November 2017 (a), 22 December 2017 (b), 31 May 2018 (c), 7 June 2018 (d), 26 June 2019 (e), and 29 August 2019 (f). 
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Figure 6. Temporal distribution of radiation balance (Rn) on 20 November 2017 (a), 22 December 2017 (b), 31 May 2018 (c), 7 June 2018 (d), 26 June 2019 (e), and 29 August 2019 (f). 
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Figure 7. Temporal distribution of the variable surface temperature (T) on 20 November 2017 (a), 22 December 2017 (b), 31 May 2018 (c), 7 June 2018 (d), 26 June 2019 (e), and 29 August 2019 (f). 
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Figure 8. Temporal distribution of the sensitive heat flow (H) on 20 November 2017 (a), 22 December 2017 (b), 31 May 2018 (c), 7 June 2018 (d), 26 June 2019 (e), and 29 August 2019 (f). 
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Figure 9. Temporal distribution of latent heat flow (LE) on 20 November 2017 (a), 22 December 2017 (b), 31 May 2018 (c), 7 June 2018 (d), 26 June 2019 (e), and on 29 August 2019 (f). 
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Figure 10. Temporal distribution of actual daily evapotranspiration (ET24h) on 20 November 2017 (a), 22 December 2017 (b), 31 May 2018 (c), 7 June 2018 (d), 26 June 2019 (e), and 29 August 2019 (f). 
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Figure 11. Spatial variability in evapotranspiration estimation in açaí planting area on the analyzed days: (a) 20 November 2017(DJ 324); (b) 22 December 2017 (DOY 356); (c) 31 May 2018 (DOY 151); (d) 7 June 2018 (DOY 158); (e) 26 June 2019 (DOY 177); (f) 29 August 2019 (DOY 241). 
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Table 1. Variables and instruments used in the experiment, as well as their arrangement in relation to the soil and the plant canopy.
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	Weather Variables
	Instrument and Model
	Sensor Level (m)





	Air temperature
	Vaisala thermohygrometer (HMP35A)
	2 and 8 above the ground



	Relative humidity
	Vaisala thermohygrometer (HMP35A)
	2 and 8 above the ground



	Air temperature
	Hobo (STHB-M002)
	0.5 and 2 above the canopy



	Relative humidity
	Hobo (STHB-M002)
	0.5 and 2 above the canopy



	Soil moisture
	Time Domain Reflectometer (CS615)
	−0.3 soil surface



	Rain
	Rain gauge (TB4-L)
	0.5 above the canopy



	Global incident radiation
	Pyranometer (CMP6-L)
	2 above the canopy



	Balance of radiation
	Net Radiometer (NR-LITE2-L)
	2 above the canopy



	Ground heat flow
	Soil Heat Flux Plate (HFP01SC-L)
	−0.08 soil surface



	Wind speed and direction
	Wind Monitor (05106-L)
	2 above the canopy
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Table 2.     R s   24 h    : total daily global solar radiation (MJ m−2);     R   n    : total daily radiation balance (MJ m−2); Ta: air temperature at the moment of the satellite passage (°C); RH: relative humidity at the moment of the satellite passage (%);     R s   i n s t    : instantaneous global radiation at the moment of the satellite passage (W m−2);     τ   s w    : atmospheric transmissivity at the moment of the satellite passage; cosZ: cosine of the solar zenith angle at the moment of the satellite passage.
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	DOY
	    *     R s   24 h      
	    *     R   n      
	    *    Ta     
	    *    RH     
	    *     R s   i n s t      
	      τ   s w      
	cosZ





	324/2017
	22.6
	13.6
	32.5
	66.5
	924.06
	0.722
	0.871



	356/2017
	20.3
	12.7
	31.3
	72.5
	844.67
	0.721
	0.829



	151/2018
	22.0
	15.2
	29.6
	79.6
	776.36
	0.706
	0.817



	158/2018
	21.2
	14.7
	29.4
	76.7
	766.94
	0.709
	0.810



	177/2019
	21.9
	15.3
	29.3
	82.6
	774.03
	0.703
	0.801



	241/2019
	22.2
	15.5
	30.2
	74.6
	645.98
	0.717
	0.872







Note: * Data recorded by sensors in the micrometeorological tower.
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Table 3. The average absolute error, average relative error, root of the average quadratic error, and concordance index between the energy balance and evapotranspiration variables.
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	Rn
	G
	H
	LE
	ET24h





	MAE (W m−2)
	18.65
	20.81
	17.97
	24.03
	0.45 (mm day−1)



	MRE (%)
	2.84
	64.42
	9.89
	5.75
	4.23



	RMSE (W m−2)
	25.80
	22.28
	24.62
	31.14
	0.52 (mm dia−1)



	d
	0.79
	0.47
	0.73
	0.83
	0.80
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Table 4. Reference evapotranspiration (ETo), crop evapotranspiration (ETc), and single crop coefficient (Kc) estimated by SEBAL and observed in field.
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	DOY
	    E T o    
	    E T c _ E    
	ETc_O
	Kc_E
	    K c _ O    





	324/2017
	5.36
	4.16
	4.44
	0.78
	0.83



	356/2017
	4.22
	4.00
	3.99
	0.94
	0.95



	151/2018
	3.88
	4.39
	4.53
	1.13
	1.17



	158/2018
	4.08
	4.47
	4.38
	1.09
	1.07



	177/2019
	5.13
	4.13
	4.52
	0.80
	0.88



	241/2019
	5.61
	4.49
	4.59
	0.80
	0.82
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