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Abstract

:

The METRIC energy balance model uses an auto-selection approach for identifying hot (dry, bare soil) and cold (fully transpiring crop) anchor pixels for the internal calibration of the model. When an unmanned aerial system (UAS) is used for imagery, the small image size and the varying crop and soil water status of agricultural fields make the identification of reliable hot and cold pixels challenging. In this study, we used an experimental spearmint field under three irrigation levels (75%, 100%, and 125% of crop evapotranspiration, ETc). As a way of providing diverse field conditions, six different extents (Extent 1 to Extent 6) were selected from each day of the seven days of UAS imagery campaigns of the same field for generating UAS-based ETc maps using auto-selection of hot and cold anchor pixels for the internal calibration of the model. Extent 1 had the smallest coverage area of the field, including only plants that were irrigated at 75% of ETc, while the fields of view of the other extents increased to where the Extent 6 covered the spearmint field and all the surroundings including trees, a nearby water canal, irrigated grass, and irrigated and non-irrigated soil. The results showed that different sizes of extent resulted in the selection of variable hot (bare, but moist soil in small extents, and dry bare soil at the larger extents) and cold anchor pixels (crop under water stress at the small extents, and tree canopy or grass alongside the water canal at the larger extents). This variation resulted in significantly different ETc estimation for the same spearmint crop field, indicative of a potential limitation for the use auto-selection of hot and cold pixels when using the UAS-METRIC model.
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1. Introduction


For site-specific and precision irrigation management, the use of high-resolution spatiotemporal models that can estimate crop water consumption throughout the season is important [1,2,3,4,5]. For this type of application, a small unmanned-aerial-system (UAS)-based energy balance model has been developed by implementing some modifications to the METRIC (mapping evapotranspiration at high resolution with internalized calibration) model in the “Water, R package” [6]. This model uses images from multispectral and thermal infrared cameras mounted on a UAS for estimating instantaneous crop evapotranspiration (ETc) as a residual of the surface energy balance [4,6,7]. Then, it uses weather-based daily alfalfa reference evapotranspiration to scale the instantaneously sensed ETc to daily ETc. The METRIC energy balance uses two anchor temperatures (hot and cold pixels) for internal calibration where the cold anchor represents the temperature of a fully irrigated crop, and the hot anchor is the temperature of dry bare soil with zero evapotranspiration (ET) [8,9]. The METRIC model uses these two selected extreme temperatures to calculate the surface temperature gradient between the land surface and air (dT) as described by Allen et al. [8]. The two pairs of dT and surface temperature (Ts) values for hot and cold anchors are used for determining “a” and “b” constants from the   dT =   aT  s  + b   equation, where these constants are unique for each image. These parameters are used to calculate sensible heat flux (H) for the two extreme conditions and to conduct the internal calibration of the model.



A CIMEC approach (calibration using inverse modeling at extreme conditions) was defined by Allen et al. [10] for the auto-selection of hot and cold pixels in the Landsat METRIC model. In the CIMEC approach, the average temperature of 20% of the coolest pixels that also are in the top 5% of the normalized difference vegetation index (NDVI) is selected as the cold anchor temperature (Tcold), and the average 20% of the hottest pixels with the lowest 10% NDVI as the hot anchor temperature (Thot) [10]. In the current version of the UAS-METRIC model [4,7], there are some embedded range criteria for selecting hot and cold pixels such as the NDVI (cold: 0.76–0.84, hot: 0.10–0.28), albedo (cold: 0.18–0.25, hot: 0.13–0.15), leaf area index (LAI, cold: 3–6), and momentum roughness length (Zom, cold: 0.03–0.08, hot: ≤ 0.005) [6].



For the satellite-based METRIC model [8,9,10], hot and cold anchor pixels are found from satellite images that cover very large areas. Because UAS-based imagery covers a much smaller area, it might not be possible to find adequate cold and hot temperatures within the image of some fields. In this study, we used the auto-selection of hot and cold anchor pixels of the UAS-METRIC model to obtain the anchor temperatures from extents of UAS images of different sizes and assess their effect on ET estimations.




2. Materials and Methods


2.1. Study Sites


The study was conducted in a field of 0.55 ha located in Prosser, Washington, USA (46°15′4″N, 119°44′18″W) in the summer of 2021. This experimental field was located immediately next to a Prosser site AgWeatherNet (AWN) station. Prosser has a semi-arid climate with an average annual precipitation of 156 mm (based on historical data 2002–2022) with minimum rainfall in July and August.



The experimental field was planted to native spearmint. In 2021, this field was in the third year of growth. This field was irrigated by a linear move irrigation system (Valley 8000 Series model, Valley, NE, USA) moving north to south within the field. The linear machine has two spans, one of them using low elevation spray application (LESA) and the other one using mid-elevation spray application (MESA). The native spearmint was planted under the LESA span (Figure 1). The sprinklers in the LESA systems were 1.5 m apart from each other and 0.3 m from the ground level. The sprinklers had a Nelson D3030 body with the brown grooved fixed spray plate, a 41 kPa (6 PSI) pressure regulator.



A split-block design was used for this experiment. The field was divided into six blocks (replications), each consisting of three irrigation levels as the main variable and five nitrogen levels as the subplot variables. Varying nozzle sizes on the LESA system were used to control the different irrigation level treatments. The irrigation levels were a moderate deficit irrigation (75% of full crop evapotranspiration, ETc), full irrigation (100% ETc), and over-irrigation (125% ETc) as dictated by another companion experiment. The nozzle # 19 (5.79 L min−1 for pressure 41 kPa) (Nelson Irrigation Corporation, Walla Walla, WA, USA)—that was the original nozzle size designed for the LESA configuration for irrigating this field—was used for the over irrigation treatment. Nozzle sizes # 17 (4.61 L min−1) and # 15 (3.59 L min−1) were used for fully and deficit irrigation treatments. Each irrigation plot was irrigated with 6 nozzles (9 m wide). The corner irrigation plots had 7 nozzles 10.5 m long to irrigate the borders. The borders were not considered in the experiment. The irrigation treatment plots extended from north to south of the field in the direction of movement of the linear irrigation machine (Figure 1). Irrigation scheduling of the whole field was done based on weather-based estimation of daily evapotranspiration and soil moisture measurements by a neutron probe (explained in detail at Section 2.7) for the 100% irrigation treatment. At each irrigation event, the soil profile of the 100% irrigation treatment was filled up to field capacity.



The subplot variables of this experiment were different nitrogen treatments. The current recommendation of the nitrogen application for commercial spearmint growers in the Pacific Northwest was used with soil tests to determine the application rate for the 100% nitrogen levels [11]. There were 4 levels of ammonium sulfate (AMS or (NH4)2SO4) at 151 kg/ha (67% AMS), 225 kg/ha (100% AMS), 254 kg/ha (133% AMS), 376 kg/ha (167% AMS), and one level of Urea (CH4N2O) at 225 kg/ha (100% of the actual nitrogen). There were 3 replications of each fertilizer treatment, and each consisted of 8 rows of the crop in a 6 m × 60 m plot size (Figure 1). All the measurements were taken from different water stress levels of only the 100% AMS treatments for this research study.




2.2. Aerial Imaging Campaigns


For aerial imagery data acquisition, a small unmanned aerial system (sUAS, ATI AgBOT™, Aerial Technology International, Wilsonville, OR, USA) was used in this study with different onboard sensors including a long-wave thermal infrared imaging sensor with a 13 mm lens (11,000 ± 3000 nm; Duo Pro R, FLIR Systems, OR, USA), a multispectral imaging sensor (RedEdge 3, MicaSense, Inc., Seattle, WA, USA) with five bands (Blue, 475 ± 10 nm; Green, 560 ± 10 nm; Red, 668 ± 5 nm; Red Edge, 717 ± 5 nm; and Near Infrared, 840 ± 20 nm). Solar irradiance data were provided by an incident light sensor (DSL, MicaSense, Inc., Seattle, WA, USA) mounted on the UAS, facing skyward. Open-source ground control software (MissionPlanner, version 1.3.49, Ardupilot) was used to configure the multispectral imaging sensor to capture images at 85% and 80%, front and side overlaps, respectively. The flight altitude was set to 60 m above the ground level which provided multispectral images with a resolution of 4 cm pixel−1 and thermal infrared of 7 cm pixel−1. A 3DR Telemetry Radio (Version 2, Arduino, Somerville, MA, USA) was used for the connection between the ground station and sUAS. Twenty white alphabetic labeled rectangular cardboards (0.75 m × 0.50 m) and twenty aluminum pieces (0.12 m × 0.12 m) were used as ground sample points (GSP) to separate the different irrigation and nitrogen plots in the field. An image of a calibrated reflectance panel (CRP, MicaSense, Inc., Seattle, WA, USA) was captured with the multispectral camera at 1 m AGL before and after the UAS flight. The UAS imagery was taken in 7 days from 3 to 26 August of 2021. Then, the spearmint crop was harvested on 2 September 2021.




2.3. Aerial Imagery Preprocessing


A photogrammetry and mapping software (Pix4D Mapper, Pix4D, Inc., Lausanne, Switzerland) was used for image stitching to make a surface temperature orthomosaic (Thermal infrared) and for the five surface-reflectance orthomosaics (B, G, R, NIR, RE). The five-band image from the calibration reflectance panel was used for radiometric calibration of the multispectral orthomosaic. During the processing of the multispectral images, the Raster Digital Terrain Model (DTM) generated as a GeoTIFF. The DTM in this article is referred to as the digital elevation model (DEM). The Geographic Information System (QGIS) platform (ver.3.18.3, Open Source) was then used for georeferencing the thermal orthomosaic on the blue orthomosaic using the GSPs (whiteboards and aluminum pieces) that were located in the field before the UAS data acquisition. The thermal infrared orthomosaic was resampled to the resolution of the multispectral bands (3.9 cm pixel−1) using the “Nearest Neighborhood” method.



Then, six different sizes of shapefile layers were created in QGIS by cropping the primary multispectral images to different sizes or extents. These were named as Extents 1 to 6 which the coverage area of each Extent is described in Figure 2. Then, each Extent shapefile was used (by Clip Raster by mask layer) to extract the 5-surface reflectance layers and the thermal and DEM layers. So, for each day of UAS data acquisition, we had 6 datasets with different extent sizes and the UAS-METRIC model was run for each extent, separately. Overall, in this paper, we had used 42 datasets (7 UAS imagery campaigns and 6 extent sizes for each day).



Weather parameters within 24 h of UAS imagery at 15 min intervals were downloaded from the Prosser AgWeatherNet station (AgWeatherNet, Washington State University, WA, USA). A CSV file was created that contained the date and time stamp, solar radiation (Rs, W m2), wind speed (m s−1), relative humidity (RH %), air temperature (°C), and precipitation (mm). This file was used as an input to the model for estimating daily and hourly alfalfa-based reference evapotranspiration (ETr24, mm day−1 [9,12]).




2.4. UAS-METRIC


For all 42 datasets, the UAS-METRIC model was run using an “R package” (Water, [7]) following the steps and modifications described by Chandel et al. [4,7]. For the process of internal calibration, the “calcAnchors” function with the “flexible” method were used. The coordinates of the determined hot and cold pixels were used to visualize their locations within the thermal and generated ET maps with a (†) sign.




2.5. Thermal Canopy


Canopy temperature is an indicator of the water stress status. As the thermal raster image is one of the main components of the UAS-METRIC model, it was important to analyze the canopy temperature of crop under the different water stress levels separately. So, using the histogram of the NDVI raster, the threshold values 0.7 was selected to generate a vegetation mask by segmenting out the soil background from NDVI raster and setting the soil background to ‘not a number’ (NAN) [13,14,15]. Then, the binary vegetation mask was multiplied to the thermal map to obtain the canopy temperature only. This process was done for all 6 extents.




2.6. Feature Extraction


A shapefile layer with eighteen rectangular regions of interest (ROI) with equal dimensions of (4.5 m by 2 m) was created over the spearmint canopy around the area of the installed neutron probe access tubes at the three irrigation levels in the six blocks at 100% AMS treatments (Figure 1). Each ROI contained 5625 pixels. For each extent size, the mean and standard deviation of the ET of the pixels within the ROIs was extracted using the “Zonal Statistics” tool. The mean and standard deviation of the canopy temperature within each of these ROIs was extracted for each of the extents and for each day of data collection as well.




2.7. Soil Water Content


A calibrated neutron soil moisture probe (CPN 503 Elite HYDROPROBE ®, InstroTek ® Inc., Orlando, FL, USA) was used to monitor changes in soil volumetric water content (SWC). For the access tubes, 1.5-inch (38 mm) PVC pipe, pressure rated to 827 KPa (120 PSI), were installed in eighteen locations as shown in Figure 1 to the depth of 1.2 m. These neutron probe access tubes were installed between two spearmint plants. A rubber stopper size 10 was used to cover the access probes to prevent water entering the pipes. The depths of soil moisture measurements were 150, 300, 460, 610, 760, and 914 mm. Together these gave a measurement of the SWC to 990 mm. A sixteen second count duration was used for the measurements at each depth.



Additionally, two TEROS-10 (METER-Group Inc., Pullman, WA, USA) were installed in the 100% ETc and 100% AMS plots of block 3 at the depths of 60 mm and 150 mm to measure the soil’s volumetric water content (VWC) at the active root zone and below it. To convert the % VWC to depth of SWC, the value of the shallow sensor was multiplied by 595 mm (water content to the depth of the active spearmint roots) and the % VWC of the deepest sensor was multiplied by 395 mm (representing soil water content below root zone to the 990 mm measurements). Figure 3 shows the estimated SWC to 990 mm at different irrigation levels throughout the season as measured by the neutron probe and TEROS-10.




2.8. Stomatal Conductance of the Leaf


Stomatal conductance of spearmint leaves was measured using a leaf porometer, (SC-1, METER-Group Inc., Pullman, WA, USA) for observing the symptoms of water stress on the crop canopy under different irrigation levels. Measurements were made from 5 sun-exposed leaves from the spearmint canopy near the soil moisture probe access tubes. These measurements were made right after UAS imagery data acquisition.




2.9. Evapotranspiration Based on a Basal Crop Coefficient


The short-grass-based crop coefficients (Kc) of the mint crop at the three growth stages of initial (0.4), mid (1.1) and end-of-season (1.05) for arid and semi-arid climate were adjusted for the local weather conditions using wind speed, relative humidity, and crop height following the methods described in FAO-56 [16]. Then, the modified short-grass-based crop coefficients were converted to the alfalfa-based crop coefficient to calculate ETc as     ET   c  (  FAO − 56  )    =  K  c  (  alfalfa − based  )    ×   ET  r    and this was compared with the ETc estimation from the UAS-METRIC model. This conversion was done since alfalfa-based reference evapotranspiration (ETr) is the main parameter used for scaling the instantaneous ETc to the daily ETc in the UAS-METRIC model.




2.10. Statistical Analysis


This study aimed to evaluate ET estimates of native spearmint at different irrigation levels using the UAS-METRIC model and with different sizes of extent. Once all the comparisons were done on the three irrigation levels (75% ETc, 100% ETc, and 125% ETc) of Block 1 only and in other analysis, ET estimation of all 18 plots were compared for each Extent sizes. Several one-way analyses of variance (ANOVA) were done in JMP ® software (version 8.0.8, SAS Institute Inc., Raleigh, North Carolina, USA) to compare the soil water content, ETc estimation of different extent sizes, canopy temperature, stomatal conductance of the native spearmint under different water treatment levels. A Tukey multiple comparison was used to define statistically significant differences (at 0.05 level) between the treatments.





3. Results


3.1. Hot and Cold Anchors


The characteristics of the auto-selected hot and cold anchor pixels from different extents of the UAS-METRIC model for two days 3 and 26 August are presented in Table 1. On 3 August, the crop canopy did not fully cover the ground. So, the UAS-METRIC model found a pixel of dry bare soil as the hot anchor pixel (Ts = 41.6 °C, LAI = 0.28, and NDVI = 0.33) at Extent 1. The details of auto-selected hot and cold pixels for all six extents of image shows that these pixels are selected from varying locations of the field with different LAI, and NDVI values (Table 1, Figure 4). The selected cold pixel in Extent 1 on 3 August, is a pixel of the spearmint canopy from the B1-75% of ETc irrigation treatment, while for Extent 2, 3, and 4 the selected cold pixel is from the crop canopy from the B2-125% ETc treatment (Figure 4). In Extent 5 and 6, the cold pixel was selected from canopy of the trees at the eastern side of field (Ts = 21.8 °C, LAI = 5.91, and NDVI = 0.84). For the generate map on 26 August (Table 1) and on 20 August, the cold pixel at the Extent 6 was selected from the green plant growing at the edge of the canal.



The selected hot pixels at Extents 1 to 4 of 3 August were from soil irrigated by the linear machine, while at Extents 5 and 6, the hot pixels were from the dry bare soil outside of the irrigated field (Figure 4). Among all extents, the hot anchored pixel at Extent 6 from dry bare soil outside the area irrigated by the linear machine was the hottest (Figure 4) selected anchors. Because of the differences in the selected hot and cold pixels for each Extent size, the calculated coefficient “a” and “b” varies for each extent and thus results in different ET estimations for each pixel (Table 1).



On 26 August, the crop was at the maturity growth stage, and it was fully covering the ground surface, so, the model was not able to detect a hot pixel within Extent 1, and the ET map was not generated (Table 1). At the different sizes of Extents 2 to 4, similar cold pixel from the spearmint canopy at B2-125% were selected (Ts = 22.13 °C, LAI = 5.42, and NDVI = 0.81).



Figure 5 shows temperatures of the auto-selected hot and cold anchor pixels for the different extent sizes, and for all seven days of data acquisition. The results show that the temperature of the hot pixels from Extents 5 and 6 that represents dry bare agricultural soils, are significantly higher compared to the temperature of the selected hot pixels from Extent 1 to 4 (Oneway ANOVA, 0.05 significant level). The selected hot pixel in Extents 1, 2, 3, and 4 were from the bare soil that was irrigated by the linear machine. Additionally, there were a slightly different (2 to 3 °C) in the temperature of cold pixels of different extent sizes (Figure 5). The selected cold pixel for Extent 2 to Extent 4 are from the crop canopy at the eastern side of the field (Block 2, 4, and 6) where the crop is cooler, possibly because of the shades of the trees, compared to the temperatures of spearmint canopy in the western half of the field (Blocks 1, 3, and 5). These results show that auto-selection of hot and cold pixel in UAS-METRIC model is unreliable method for the internal calibration of the METRIC model as it selects different anchor pixels based on the extent of the UAS flight mission or extent of image during image processing steps.




3.2. Daily ETc Estimation from Different Extents


The ETc maps generated by the UAS-METRIC model for all 6 image extents of all 7 days of UAS aerial imagery acquisition in August 2021 are shown in Figure 4. The ETc map for Extent 1 was only generated for 4 datasets (3, 5, 12 and 20 August) with pixels of the bare soil from the treatments. For the other 3 datasets, the crop canopy covered the soil surface, and the model could not generate the ETc map for the Extent 1 (Figure 6). This indicates that for a field with a fully covered ground surface without pixels of bare soil, the model will not be able to select a hot pixel for internal calibration and ETc estimation.



The mean ETc of the three defined ROIs at each irrigation level in Block 1 for all imaging campaigns with different extents are plotted in Figure 6. The results show that the ETc estimation extracted from the six extent sizes of the same spot in the field are different. The ETc estimation at Extent 1 and 2 was often very different compared to the other extents. Additionally, ETc for all three irrigation levels is estimated lower at Extent 2 where there was only crop canopy without clear exposure to bare soil. Extent 2 did not always fail to find hot pixels because the crop in some spots near the neutron probe access tubes was damaged by walking over the field during soil moisture data collection and these bare soil pixels were detected.



For the 20 August, ETc estimation by UAS-METRIC model for all irrigation levels was lower than the ETc of the other dates, which can be explained by cloudy conditions (Figure 6). For the last four days of UAS imagery data collection, the crop was fully covering the ground surface and the ETc of the native spearmint for the fully irrigated treatments should be closer to ETr. For all days in the study, the UAS-METRIC ETc value are significantly lower compared to the ETc (FAO-56) values. The underestimation of ETc by UAS-METRIC can be at least partially explained by the poor selection of hot and cold pixels from the auto-selection process of the UAS-METRIC model. Extent 2 significantly underestimated ETc on 5 and 24 August compared to other Extents (3, 4, 5, and 6) at all irrigation levels.




3.3. Canopy Temperature and Stomatal Conductance


The results showed no significant difference between the ETc estimation under different irrigation levels for all 7 days under the study (Figure 6). This was investigated and found to be due to no significant difference (Student’s t-test, at 0.05 significant level) between the canopy temperatures of the different irrigation levels of Block 1 which can be partially explained by the relatively low ETr rates on all seven days of data acquisition which would limit the separation between the irrigation level treatments (Figure 6). There was not enough water stress in the deficit irrigation crops to show differences even three to four days after irrigating the field (Figure 3). Additionally, the hourly mean air temperature of the installed ATMOS-41 in the middle of the field showed no statistically significant difference between the two temperatures (Figure 7).



Except for the 20 August that the stomatal conductance of the spearmint at the 125% ETc was significantly (Student’s t-test, at 0.05 significant level) higher compared to the other two irrigation levels, no difference was observed between the mean of the stomatal conductance for the other irrigation levels on the other days under the study.





4. Discussion


The results showed that all the hot pixels from the smaller extents (1,2,3, and 4) were selected from wet soils irrigated throughout the season. Based on the theory used to develop the METRIC model, hot pixels should be from dry bare agricultural soil where the latent heat of evaporation (LE) can be assumed to be nearly zero [8,9,10]. This situation would likely be common in practice for UAS-based images as most irrigated areas are large and dry bare soils may not be readily locatable within the imagery for a variety of reasons. In orchards or vineyards hot pixels might be automatically selected from shaded soil, which is cooler than dry, bare soil exposed to sunlight. For both scenarios, the auto-selection of hot pixels by the UAS-METRIC model can result in inaccurate ETc estimation. The availability of dry, bare soil within the limited field-of-view of UAS-based aerial imagery is not guaranteed in agricultural fields and orchards.



Additionally, the results showed that the same issue exists for selection of the cold anchor pixel within different sizes or extents. The cold pixel for the internal calibration of the UAS-METRIC model should represent a fully transpiring crop, not other things within the field of view of the UAS imagery like the nearby tree’s canopy or plants growing at the edge of the canal. Additionally, if UAS images are acquired from a large field with the whole field under water stress, an appropriate cold pixel is unlikely to be available within the limited field of view of the UAS-based imagery. In this study, Extent 1 simulates field condition with water stress crop and Extent 2, 3, and 4 represents spearmint canopy affected by shade of the trees and they were constantly cooler than crop canopy at the western side of the field (Blocks 1, 3, and 5) exposed to the sun. These were not appropriate cold pixels for the internal calibration of the model.



The variable selection of hot and cold anchor pixels within different extent sizes indicates the importance of providing a standardized hot and cold reference surfaces within the field-of-view of the UAS imagery that closely represent a dry and bare soil and a fully irrigated and fully transpiring crop canopy in the field. Using a calibrated reflectance panel is common for multispectral imagery to normalize the data because of the variation of sunlight after the UAS data acquisition [17]. Similarly, hot, and cold reference surfaces that can quickly stabilize their temperatures with the weather and environment can be used for the internal calibration of the model and can assist users to estimate ET accurately.




5. Conclusions


This research study found the following limitations for the UAS-METRIC model:




	
If the composite image is limited to a field with full crop cover and without visible pixels of a bare soil, the model cannot find hot anchor pixels, and it fails to generate a map of crop evapotranspiration.



	
The limits of the image size and the conditions of the crop and soil within the image affects the measured temperature of the hot and cold pixel reference conditions, and this results in different ET estimation outputs for the model. A field could be uniformly water-stressed or uniformly wet, for example, and a relevant fully irrigated cold pixel or hot (dry bare soil) pixel would not be available within the image.








The limited extents of imagery from the UAS-METRIC model cannot guarantee representative hot and cold pixel points at the required reference conditions. This points to the need to provide standardized hot and cold reference surfaces that, when placed within the UAS-based imagery, can quickly equilibrate with the ambient weather conditions and field microclimate to calibrate the UAS-METRIC model.
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Figure 1. (a) True color image of the experimental field. (b) linear move irrigation system with LESA sprinkler configuration. (c) Locations of installed neutron probe access tubes, (d) Location of installed Teros 10 at two depths of 15 cm and 60 cm and ATMOS-41 which both were connected to the ZL6 data logger. 






Figure 1. (a) True color image of the experimental field. (b) linear move irrigation system with LESA sprinkler configuration. (c) Locations of installed neutron probe access tubes, (d) Location of installed Teros 10 at two depths of 15 cm and 60 cm and ATMOS-41 which both were connected to the ZL6 data logger.
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Figure 2. Different extents (cropped areas) of the UAS imagery used by UAS-METRIC to generate ETc maps. 
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Figure 3. Monitoring soil water content throughout the August 2021 by a neutron probe at three irrigation levels 75% ETc, 100% ETc, and 125% ETc and a continuous measurement of VWC by the TEROS10 sensors. 
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Figure 4. (a) An example of location of auto-selected hot and cold anchor pixels by UAS-METRIC model from different extent sizes on the thermal image on 3 August 2021. (b) The generated ET maps by the UAS-METRIC model of the same day (3 August 2021) with similar extent sizes with indicating the location of selected anchors. 
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Figure 5. Hot and cold anchor pixels from each image extent for the 7 data collection campaign days. 
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Figure 6. Estimated ETc from generated UAS-METRIC maps with different Extent sizes at different irrigation levels (75% ETc, 100% ETc and 125% ETc of Block 1). 
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Figure 7. (a) Canopy temperature at different irrigation levels of 75% ETc, 100% ETc and 125% ETc compared to the hourly mean air temperature measured by ATMOS-41. (b) Measured stomatal conductance of the crop under different irrigation levels in Block 1. 
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Table 1. Summary details of selected hot and cold anchor pixels of the UAS-METRIC model in two days of August 2021.
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Extents

	
Anchors

(Pixel)

	
Ts (°C)

	
Location of Pixels

	
Pixel LAI

	
Pixel NDVI

	
a

	
b






	
3 August 2021

	
Extent 1

	
Hot

	
41.6

	
Soil within B5-75% ETc

	
0.28

	
0.33

	
0.29

	
87.68




	
Cold

	
27.2

	
Spearmint within B1-75% ETc

	
5.33

	
0.81




	
Extent 2

	
Hot

	
41.5

	
Soil within B4-75% ETc

	
0.17

	
0.28

	
0.24

	
69.80




	
Cold

	
24.0

	
Spearmint within B2-125% ETc

	
5.34

	
0.81




	
Extent 3

	
Hot

	
40.2

	
Soil within B4-75% ETc

	
0.06

	
0.20

	
0.25

	
72.61




	
Cold

	
24.0

	
Spearmint within B2-125% ETc

	
5.34

	
0.81




	
Extent 4

	
Hot

	
43.3

	
Soil at the 75% ETc near grass

	
0.16

	
0.28

	
0.22

	
63.23




	
Cold

	
24.0

	
Spearmint within B2-125% ETc

	
5.34

	
0.81




	
Extent 5

	
Hot

	
51.1

	
Non-irrigated soil outside the field

	
0.16

	
0.28

	
0.14

	
39.48




	
Cold

	
20.8

	
Canopy of trees at eastern side

	
5.90

	
0.84




	
Extent 6

	
Hot

	
59.8

	
Non-irrigated soil outside the field

	
0.06

	
0.20

	
0.10

	
27.38




	
Cold

	
21.8

	
Canopy of trees at eastern side

	
5.91

	
0.84




	
26 August 2021

	
Extent 1

	
Hot

	
Automatic Selection of hot anchors FAILED




	
Cold




	
Extent 2

	
Hot

	
28.73

	
Soil within B4-75% ETc

	
0.58

	
0.41

	
0.34

	
−96.32




	
Cold

	
22.13

	
Spearmint within B2-125% ETc

	
5.42

	
0.81




	
Extent 3

	
Hot

	
36.89

	
Soil irrigated at the 125% rate

	
0.10

	
0.24

	
0.13

	
−34.63




	
Cold

	
22.13

	
Spearmint within B2-125% ETc

	
5.42

	
0.81




	
Extent 4

	
Hot

	
37.13

	
Soil irrigated at the 75% rate

	
0.08

	
0.23

	
0.13

	
−34.08




	
Cold

	
22.13

	
Spearmint within B2-125% ETc

	
5.42

	
0.81




	
Extent 5

	
Hot

	
42.76

	
Non-irrigated soil outside the field

	
0.10

	
0.24

	
0.08

	
−21.72




	
Cold

	
22.11

	
Trees canopy at eastern side

	
5.30

	
0.81




	
Extent 6

	
Hot

	
43.93

	
Non-irrigated soil outside the field

	
0.08

	
0.22

	
0.07

	
−16.79




	
Cold

	
20.61

	
Plants at the edge of the canal

	
5.49

	
0.83
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