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Abstract


This work aims to assess the droplets produced by a novel evaporation process, proposed as an alternative for managing tequila vinasses, using a spectral camera with three spectral bands and a thermal camera mounted on an unmanned aerial vehicle (UAV). High-resolution satellite images with seven spectral bands complemented this characterization. The spectral characterization was conducted by comparing three experimental conditions: the background of the study area without droplets, the droplets generated from purified water, and the droplets produced from tequila vinasses. Two monitoring campaigns, conducted in November 2024 and January 2025, revealed that the tequila vinasse droplets exhibited a maximum influence radius of 16 m, primarily regulated by wind speed conditions (6–16 km/h). Thermal analysis identified the droplet plume as a zone with a lower temperature, creating a thermal contrast of up to 6.6 °C against the average background temperature of 36.6 °C. No significant difference was observed in the influence radius between the droplets generated from vinasse and those from potable water. Spectral analysis of the UAV and satellite images showed significant (p < 0.05) differences in reflectance when the droplets were present (e.g., the coastal blue band increased from an average of 14.43 to 95.59 when vinasse droplets were present). This suggests that the presence of chemical compounds altered light absorption and reflection. However, the instrument’s sensitivity limited the detection of organic compounds at concentrations below its detection limit. The monitoring data presented in this manuscript is crucial for developing strategies to mitigate the potential environmental impacts of the droplets emitted by this novel process.
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1. Introduction


Tequila vinasses are acidic, organic-rich effluents generated during the distillation phase of tequila production [1]. Their complex composition is a direct consequence of the fermentation of sugars, leading to wastewaters characterized by extremely high concentrations of chemical oxygen demand (COD) [2,3]. Their primary organic constituents include residual sugars and alcohols, but the main environmental concern stems from a diverse array of more recalcitrant and volatile organic compounds. As identified by Rodríguez-Félix et al. [4], tequila vinasses contain at least 111 different volatile compounds. Among the most abundant are furanic compounds such as furfural and 5-(hydroxymethyl)furfural, which are by-products of sugar degradation under heat and acidic conditions. The high concentration of organic acids, with acetic acid and butyric acid being predominant, also contributes to the low pH and corrosive nature of the effluents. The presence of these, along with various phenolic compounds, makes vinasse particularly difficult to treat. Since an estimated 10–12 L of tequila vinasses are generated for every liter of tequila produced, their management represents a critical environmental challenge, compelling the industry to seek sustainable disposal and treatment solutions [5].



Recently, low-carbonization wastewater processes have been designed to treat wastewater while minimizing the release of carbon emissions. These technologies aim to reduce the carbon footprint of wastewater treatment by reducing energy-intensive processes that contribute significantly to greenhouse gas emissions. The most popular low-carbonization technologies for treating tequila vinasses include the use of activated sludge [5], constructed wetlands [6], and anaerobic digesters [7], but coagulation–flocculation [8], electrocoagulation processes [9], or the use of oxidizing reagents [10] are considered the most efficient methods for the degradation of recalcitrant organic compounds contained in vinasse. Advanced oxidation systems based on nanoparticles are also reported for treating tequila vinasses [11]. However, many of these processes are rejected for production plants with a large volume of vinasse emissions due to their high costs.



Droplet evaporation as a technique for tequila vinasse disposal does not appear to be documented or implemented at an industrial scale. A comprehensive study of 110 tequila factories by Zurita et al. [12] confirmed that the most common disposal methods are direct discharge onto soil and clandestine discharges into surface waters. Ramos Reyes et al. [13] provide 72 different vinasse treatment strategies and dismissed conventional, energy-intensive evaporation methods due to technical and economic limitations. However, the technology presented in this manuscript comprises a distinct, low-energy approach based on solar-assisted evaporation, which overcomes the limitations of conventional evaporation methods.



This novel method involves passing vinasse through a nozzle with a small opening, creating a fine mist that is dispersed into the air. The size of the droplets produced varies based on the flow rate and nozzle size, typically ranging from 5 to 30 microns. Because the wastewater particles are small enough, they can behave like an aerosol. This means that the particles remain suspended in the air, with the smallest water droplets evaporating before reaching the ground, particularly under dry and warm conditions. The performance of this system is dependent on design parameters like droplet size and prevailing weather conditions [14,15]. Since its primary operational cost consists of the electricity for running pumps and fans, the process is highly cost-effective [16,17]. Under experimental conditions, this system has demonstrated a water evaporation efficiency of up to 59.42% [18], making it a cost-effective alternative for wastewater volume reduction when compared to the high capital expenses of conventional treatment facilities [19].



This process could be very effective in subtropical, tropical, and arid regions, since their weather conditions (high temperatures, low humidity, and frequent air movement) naturally support faster evaporation and reduce the need for extensive energy inputs. Moreover, in the case of tequila vinasses, this technology could favor the elimination of volatile organic compounds (VOCs) present in wastewater through evaporation due to their low boiling points [20]. However, this technology presents challenges due to the potential release of components harmful to the environment [3]. These particles, dispersed by the wind, could contribute to air pollution and negatively impact terrestrial or aquatic ecosystems [21].



Droplets are very small and difficult to capture with traditional sampling methods. Vaporized wastewater could be sampled by using a refrigerated device in a controlled environment, minimizing droplets evaporation. However, this sampling alternative manifests high costs and severe technical difficulties for design and operation [22]. Therefore, remote sensing represents a viable alternative for monitoring such droplets. The spectral characterization of droplets relies on the interaction between electromagnetic radiation and matter. Materials absorb and reflect light in distinct ways, allowing them to be identified based on these unique spectral signatures [23]. In the visible and near-infrared (VIS/NIR) spectrum, these absorption features can be used to identify and quantify compounds like alcohols, acids, and furans present in the vinasse droplets. Each compound displays a distinct pattern of absorption, creating a unique spectral fingerprint. Moreover, the thermal behavior of the droplets can also be used, since the evaporation of water from the droplets causes localized cooling [24]. The presence of organic compounds in the vinasse alters its thermal properties, leading to a different temperature profile compared to that of pure water droplets. This temperature difference, detectable by thermal infrared (TIR) spectroscopy, can be used to track the plume of vinasse droplets and study their atmospheric dispersion.



This study aims to monitor the droplets generated from tequila vinasses using remote sensing and photogrammetry techniques. To date, there are no studies specifically addressing the issue of wastewater vaporized into the atmosphere. The few studies available in the literature primarily focus on systems or methods that facilitate the droplet evaporation of wastewater [25,26,27]. To monitor the tequila vinasses droplets, visible and near-infrared spectrum spectroscopy (VIS/NIR) was employed using unmanned aerial vehicles (UAVs) and satellite imagery. This analysis could identify the tequila vinasses droplets, distinguishing them from both droplets produced with purified water and the study area background. Additionally, thermal infrared spectrum spectroscopy (TIR) is proposed to study the atmospheric dispersion of the droplets. This study represents a pioneering effort using UAVs and satellite imagery for the remote monitoring of aerosolized wastewater, a field with limited existing research. This study also provides a critical tool to evaluate the efficacy of droplet evaporation as a vinasse treatment technology. By monitoring the dispersion and composition of the generated droplets, operators can optimize the process to maximize wastewater evaporation while minimizing the release of potentially harmful organic compounds. This research also contributes to environmental monitoring by providing a methodology to track the atmospheric transport of pollutants from vaporized wastewater. This is crucial for assessing the potential downwind impacts on air quality, as well as terrestrial and aquatic ecosystems.




2. Materials and Methods


2.1. Study Area


The study area includes the property of a tequila company located in the municipality of Tepatitlán in the state of Jalisco, Mexico. The study area is located between the geographic coordinates 20°39′16.26″ N, 102°42′49.24″ W and 20°39′15.43″ N, 102°42′46.25″ W. (Figure 1). The experimental equipment was installed in that area to carry out experimental tests in a location far from the urban zone, avoiding spectral interference in the measurements.




2.2. Droplet Evaporation Equipment


The wastewater droplet evaporation equipment used in this study is shown in Figure 2. This equipment divides the tequila vinasses into fine particles (droplets) that can be evaporated using the energy from the sun. This process accelerates wastewater evaporation by increasing their surface area, which is more exposed to sunlight and air. The equipment consists of a special nozzle that generates small water droplets. This nozzle is located at a height of 3 m (Figure 2). The equipment also features a control panel that activates the pump, directing the vinasse toward the nozzle. A stainless steel container was also required to store the vinasse pumped from the system. The droplets were generated using a flow rate of 20 gallons/min.




2.3. Experimental Design


This study was carried out by conducting (1) a spectral analysis of the study area with the equipment off; (2) a spectral analysis of droplets from purified water; and (3) a spectral analysis of droplets from tequila vinasses. To ensure repeatability and reproducibility, two monitoring campaigns were conducted in November 2024 and January 2025. In both campaigns, the line and container used were thoroughly cleaned, eliminating the possibility of cross-contamination.




2.4. Images Acquisition and Calibration


Two Phantom 4 Pro UAVs were used for image acquisition, equipped with a MAPIR Survey 3W (Peau Productions, Inc., San Diego, CA, USA) spectral camera [28] and a FLIR Vue Pro R (FLIR, Middletown, NY, USA) thermal camera [29]. The MAPIR camera captures images in the green (550 nm), red (660 nm), and near infrared (850 nm) spectral bands, while the FLIR camera provides thermal images within the 7500–13,500 nm range. The MAPIR Survey3 was employed as a high-resolution multispectral sensor to capture differences in the spectral reflectance signatures between the tequila vinasse and potable water. Tequila vinasse is a complex effluent containing high concentrations of dissolved organic and inorganic matter, which alters its absorption and reflectance properties compared to those of pure water, particularly in the near-infrared (NIR) and red-edge spectral regions. The FLIR Vue Pro R was selected for its critical capability as a radiometric thermal sensor, enabling the precise, quantitative temperature measurement of individual droplets. This allowed their distinct thermal signatures to be isolated from the ambient temperature of the underlying surface, serving as a highly reliable method for tracking vinasse dispersion. The FLIR and MAPIR camera output images in RAW format with a radiometric resolution of 12 bits.



During the first monitoring campaign (November 2024), multispectral images were captured with a spatial resolution of 1.82 cm/pixel for the multispectral images and 7.6 cm/pixel for the thermal images. The photogrammetric flight with the VIS/NIR camera was conducted at a height of 40 m and a speed of 3.5 m/s, while the TIR camera flight was conducted at the same height but at a speed of 2.2 m/s. In the second monitoring campaign, the flight with the VIS/NIR camera took place at an altitude of 30 m and a speed of 2.6 m/s, while the TIR camera flight took place at an altitude of 30 m and a speed of 1.9 m/s (Table 1). For both campaigns, the cameras were nadir oriented (90°). The second campaign’s images displayed a resolution of 1.4 cm/pixel for multispectral images and 6.0 cm/pixel for thermal images. Therefore, the spatial resolution of the images in the second monitoring campaign is higher.



At the end of each flight, the images from the Survey 3W camera were transferred to a computer and post-processed using the Mapir Camera Control open-source software version 10162019 (https://www.mapir.camera/en-gb/products/mapir-camera-control, accessed on 4 March 2025) to generate calibrated TIFF images based on known ground target values, following the procedure outlined by Chávez-Martínez et al. [30]. The thermal camera images were also post-processed by converting the radiometric data into temperature readings using a raster calculator [31].



PlanetScope satellite images [32] were acquired via the Planet Education and Research Program and selected to match the dates of the field campaigns. These images display a spatial resolution of 3.8 m and cover the area where the droplet evaporation equipment was located (Table 2). The chosen images were free from significant cloud coverage and did not show any defects or sensor interferences.




2.5. Generation of Orthomosaics


The generation of orthomosaics from the images obtained by the UAVs was carried out based using structure for motion algorithms. The workflow is divided into six phases, as proposed by Chavez-Martínez et al. [33]: (1) orientation of the images, (2) configuration of the geographic coordinate system, (3) generation of a dense point cloud, (4) generation of a digital elevation model (DEM), and (5) generation of the orthomosaic. The result of these steps was an orthomosaic in “TIFF” format. TIFF files exhibit a file size between 750 and 850 Mb. To achieve more accurate identification of the droplet wastewater, (6) a supervised classification process was implemented to eliminate background noise (soil, weeds, trees, and other elements) from the thermal orthomosaic. Each pixel value (radiometric value) of the thermal orthomosaic was converted to Celsius by using Equation (1) [34].


  T = 0.04 × R − 273  



(1)




where R is the radiometric value obtained from the thermal orthomosaic.




2.6. Spectral and Statistical Analysis


Spectral analysis was performed by measuring the reflectance values for each wavelength captured by the sensors. To quantitatively evaluate the differences between the spectral signatures obtained under the experimental conditions, a rigorous statistical analysis was conducted. This involved using a Z-test for the difference of two means, a statistical procedure ideal for comparing the means of two independent groups when the sample sizes are large or the population variances are known.



The primary purpose of applying the Z-test was to determine whether the observed differences in mean reflectance values at specific wavelengths (e.g., between vinasse droplets and water droplets) were statistically significant or simply due to random chance. The test operates under the null hypothesis (H0) that there is no true difference between the population means from which the samples were drawn (μ1 = μ2). The Z-statistic was calculated using Equation (2) [35]:


  Z =    (     x   1    ¯  −     x   2    ¯  ) −   (   μ   1   −   μ   2   )   0          σ   1   2       n   1     +     σ   2   2       n   2          



(2)




where x1 and x2 are the sample means of the reflectance values for the two groups being compared; (μ1 − μ2)0 is the hypothesized difference between the population means under the null hypothesis, which is 0 for this study. σ21 and σ22 are the population variances. Since these are often unknown, the sample variances (s21 and s22) are used as estimates, which is appropriate for large sample sizes. n1 and n2 are the sizes of the respective samples.



A resulting p-value below a predetermined significance level (α = 0.05) allows for the rejection of the null hypothesis, indicating a significant difference between the spectral signatures. In addition to the Z-test, descriptive statistics, including histograms, means, and standard deviations, were generated using R software version 4.3.1 to characterize the data distribution. Furthermore, a Pearson correlation analysis was performed in R to determine the degree of linear relationship between the reflectance values measured by the satellite and UAV sensors.





3. Results and Discussion


3.1. Thermal Analysis


Figure 3 shows the temperature behavior in the study area during the second monitoring campaign. Figure 3a shows the histogram of the temperature in the study area prior to turning on the wastewater droplet equipment. The surface temperature showed normal behavior, with values ranging between 29.4 °C and 50.8 °C, and an average value of 36.6 °C. Figure 3b,c show the temperature behavior during the operation of the droplet evaporation system. The presence of the droplets was identified, as they exhibited different temperatures compared to those of the surrounding area.



The temperature exhibited bimodal behavior, with two distinct peaks or crests (Figure 3c). The peaks in the graph suggest the presence of two distinct groups within the population: one representing the temperature in the droplets zone and the other corresponding to the temperature of the remaining study area. Figure 3b,c also demonstrated that the thermal characteristics of the droplets generated are evident.



Figure 4 shows the spatial temperature distribution in the study area when the experimental equipment was generating droplets from purified water (Figure 4a) and tequila vinasses (Figure 4b). The temperature differences between the droplets and the ground surface allowed for the identification and determination of the droplets’ influence area, which varied depending on the prevailing meteorological conditions. In this study, the droplet influence radius varied from 11 to 16 m, measured from the aerosol emission point.



These results were obtained under the following weather conditions: a sunny day, an ambient temperature range of 18 °C to 24 °C, and wind speeds between 6 and 16 km/h. Therefore, the droplet influence zone can be considered typical, as it was recorded under standard weather conditions for the study area. The data for the droplet influence zone could be used to design a mitigation area to address potential airborne contaminants that may settle on the surface. The droplet influence zone was confirmed in both monitoring campaigns.




3.2. Spectral Analysis of UAV Orthophotos


A multispectral analysis was carried out in the droplets influence area. Prior to the spectral analysis, a supervised classification process was carried out to eliminate background noise (vegetation and soil present in the study area). Figure 5, Figure 6 and Figure 7 show the behavior of the red, green, and near infrared (NIR) spectrum bands obtained from the UAV in the droplets influence zone, respectively. The reflectance values in these figures have been scaled to conserve disk space and maintain data precision. Consequently, their values fall outside the typical 0–1 range. UAV reflectance was scaled for comparison with PlanetScope’s products, whose pixel values must be divided by 10,000 to obtain true reflectance.



The red band (Figure 5) reveals a difference in reflectance between conditions when the equipment was turned off or on. Reflectance refers to the amount of light an object, in this case, water droplets, reflects. For vinasses, melanoidins can be detected in this region due to their chemical structure, which includes aromatic rings and conjugated double bonds. These brown pigments are responsible for the color of the vinasse formed during fermentation. The Z-test results (Table 3) validated the significant differences between the reflectance responses of purified water and tequila vinasses.



Figure 5 demonstrates that the spectral behavior in the red band was consistent across both campaigns. The mean reflectance of both potable water and tequila vinasses droplets was higher than that observed for the study area in both monitoring campaigns. This result demonstrates the instrument’s ability to detect the dispersed droplets emitted by the experimental equipment. The higher frequency observed in the second campaign resulted from a larger buffer zone (16 m) compared to that in the first campaign (11 m), leading to a greater number of pixels analyzed.



Figure 6 shows the spectral behavior in the green band for both monitoring campaigns. In this region of the spectrum, the presence of agave plant pigments, such as chlorophyll and anthocyanins, could be identified. Significant variations in the spectral behavior at this wavelength might indicate that the agave juice was in contact with the leaves or skin of the agave plant during the extraction process, which is undesirable. Figure 6 also shows that the droplet histograms for drinking water and tequila vinasses exhibited similar spectral behavior. The reflectance mean values were higher in the second monitoring campaign due to the increased biomass in the study area in comparison with that observed in the first campaign. Therefore, the spectral behavior in the green band was predominantly influenced by the vegetation in the study area.



Figure 7 shows the difference in NIR reflectance behavior when the droplet generation equipment is in use compared to when it is off. In the absence of droplet generation, NIR reflectance is minimal, indicating that the study area does not influence the NIR reflectance. However, when droplets are generated, there is a significant increase in NIR reflectance. This variation may be attributed to the sensitivity of NIR reflectance to sugars or the by-products of sugar degradation during the agave thermal treatment process. However, water also exhibits strong absorption in this spectral region [36]. Figure 7 shows that the reflectance behavior of both drinking water and vinasse was statistically similar.




3.3. Spectral Analysis of Satellite Images


This study was supplemented with a spectral analysis using high-resolution (3.8 m) satellite images from PlanetScope. Figure 8 depicts the droplet influence area in the PlanetScope satellite images. Due to the image resolution, the influence area is represented by only 51 pixels. This limitation, however, is beneficial, as it simplifies geospatial statistical analysis. Figure 9 shows the pixel-by-pixel reflectance behavior within the droplet influence area, confirming the spectral difference between droplets generated from tequila vinasses and the study area in the absence of vinasse droplets. Overall, reflectance values were higher across all pixels and wavelengths when the tequila vinasse droplets were present.



The coastal blue band example is used to explain the reflectance behavior in Figure 9. When the equipment was off, the reflectance values ranged from 0 to 60, with an average of 14.43. When the equipment was on, the reflectance increased to a range of 50 to 160, with an average reflectance value of 95.59. A similar behavior was observed for the rest of the wavelengths analyzed. The reflectance data observed from satellite images confirm earlier findings, showing increased reflectance for the tequila vinasses across all spectral bands.



Figure 10 shows the spectral signature of vinasse droplets and the study area when the equipment was turned off. Figure 10a shows similar spectral behavior for both sensors (satellite and UAV), except at NIR wavelengths, where a higher reflectance was registered for the satellite images. The difference in reflectance between the satellite and UAV sensors at NIR wavelengths could be due to atmospheric effects. The satellite sensor operates at a much higher altitude than does the UAV. This means that the signal travels through a significantly thicker layer of atmosphere. Atmospheric scattering and absorption are wave-length-dependent, and NIR wavelengths are particularly susceptible to these effects. The atmosphere might scatter more NIR light towards the satellite sensor, resulting in higher reflectance readings compared to those obtained via the UAV’s closer perspective.



In addition, Figure 10a shows a higher reflectance of vinasse droplets in both sensors. Refraction occurs when light changes direction, influenced by the refractive index of materials, which is related to their chemical composition. Tequila vinasse, due to its organic compounds, has a different refractive index than do air, soil and/or vegetation, causing light refraction and increased reflectance [37]. Finally, Figure 10b shows the Pearson correlation between the reflectance measured by both sensors throughout the wavelengths. According to this figure, satellite images can also be used to identify the dispersion of tequila vinasse droplets.





4. Conclusions


This study evaluated a novel evaporation system for the management of tequila vinasse, analyzing the droplets generated through multispectral and thermal imagery captured by unmanned aerial vehicles (UAVs) and the PlanetScope satellite. The experiments were carried out using potable water and tequila vinasses during two monitoring campaigns and demonstrated that the vinasse droplets display a limited influence area (an 11 to 16 m radius from emission), determined mainly by wind speed. This influence area was clearly identified using the thermal camera mounted on the UAV, which detected a plume showing a bimodal temperature distribution against the background.



The multispectral camera also successfully monitored the dispersion of the tequila vinasse droplets released into the atmosphere, distinguishing them by their unique spectral signature, which was noticeably different from the surrounding area’s spectral signature. Satellite data showed that the average reflectance in the coastal blue band increased from 14.43 (background) to 95.59 (vinasse droplets), with a similar increases across other bands. Furthermore, a strong positive Pearson correlation (R > 0.85) was found between the spectral signatures captured by the UAV and the satellite sensors, validating the use of both platforms for monitoring the dispersion of the organic compounds. The spectral signatures of potable water and tequila vinasse droplets suggest that the low concentration of these compounds limited the instruments’ ability to accurately identify and quantify them. Therefore, these findings establish a crucial remote sensing framework for the operational management of this evaporation technology, enabling the assessment of evaporation rates and the tracking of the droplet plume to mitigate potential off-site impacts when wind carries droplets outside the target area.




5. Future Work


Based on the findings of this study, future research is recommended to further enhance the understanding and application of this technology. First, the use of hyperspectral sensors with higher spectral resolution could enable a more precise identification and quantification of the specific organic compounds within the vinasse droplets. Second, conducting experiments under a wider range of meteorological conditions, such as with higher wind speeds and varying humidity levels, would allow for the development of more robust dispersion models. Third, integrating in situ air quality sensors into the UAV to measure particulate matter and volatile organic compounds directly within the plume would provide crucial data for a comprehensive environmental impact assessment. Finally, long-term monitoring is necessary to evaluate potential cumulative impacts on soil and vegetation within the identified influence zone and to assess the seasonal variability of the system’s performance.
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Figure 1. Geographic location of the study area. 
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Figure 2. Photograph of the experimental droplet evaporation equipment. 
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Figure 3. Temperature behavior in the study area during the second monitoring campaign. Three separate flights were carried out on the same day to identify (a) background conditions with equipment off (10:30), (b) potable water droplets (11:30), and (c) vinasse droplets (12:40). Each flight comprised an approximate duration of 25 min. 
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Figure 4. Spatial behavior of aerosol temperature in the study area during the first monitoring campaign for (a) purified water and (b) vinasse. The analysis is overlaid on a true-color image of the surface, where the color palette represents the thermal dispersion of the aerosol plume. 






Figure 4. Spatial behavior of aerosol temperature in the study area during the first monitoring campaign for (a) purified water and (b) vinasse. The analysis is overlaid on a true-color image of the surface, where the color palette represents the thermal dispersion of the aerosol plume.



[image: Processes 13 02281 g004]







[image: Processes 13 02281 g005] 





Figure 5. Reflectance behavior in the red spectral band in both monitoring campaigns. 
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Figure 6. Reflectance behavior in the green band during November 2024. 
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Figure 7. Reflectance behavior in the NIR band during the monitoring campaigns. 
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Figure 8. Pixels within the droplet influence area in the satellite image. 
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Figure 9. Pixel-by-pixel comparison of the reflectance observed for the vinasse droplet and the study area using satellite images. 
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Figure 10. Comparison of spectral signatures for vinasse droplets and the study area. (a) Spectral signature of vinasse droplets and the study area (evaporation equipment turned off). (b) Pearson correlation between satellite and UAV measurements. 
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Table 1. Characteristics of the VIS/NIR [28] and thermal [29] cameras.
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	Camera Features
	MAPIR Survey 3W
	FLIR Vue Pro R





	Sensor Resolution
	4000 × 3000 px
	640 × 512 px



	Radiometric Resolution
	12 bit
	14 bit



	Focal Length
	19 mm
	13 mm



	Spectral Band
	0.85–0.66–0.55 μm (Near Infrared, Red and Green)
	7.5–13.5 μm



	Image Capture Interval
	1.0 s
	1.0 s










 





Table 2. Characteristics of the PlanetScope images.
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Sensor Type

	
Image Name

	
Date






	
SuperDove

	
20241010_164732_22_24b3_3B_AnalyticMS_SR_8b_clip

	
10/10/2024




	
20241011_164757_31_24b9_3B_AnalyticMS_SR_8b_clip

	
11/10/2024




	
20241014_173435_98_24e1_3B_AnalyticMS_SR_8b_clip

	
14/10/2024




	
20250129_174403_72_24f2_3B_AnalyticMS_SR_8b_clip

	
29/01/2025




	
20250130_170236_81_24c7_3B_AnalyticMS_SR_8b_clip

	
30/01/2025




	
Spectral Bands

	
Resolutions

	
Orbit Characteristics

	
Frame Size




	
Coastal Blue: 431–452 nm

	
Temporal: Daily;

Spatial: 3.8 m;

Spectral: 8 bands;

Radiometric: 12 bits

	
Orbit Altitude: 475–525 km;

Orbit Type: Sun-Synchronous;

Orbit Inclination: 98°;

Maximum Image Strip per orbit:

20,000 km2

	
32.5 km × 19.6 km (approximate)




	
Blue: 465–515 nm




	
Green I: 513–549 nm




	
Green: 547–583 nm




	
Yellow: 600–620 nm




	
Red: 650–680 nm




	
RedEdge: 697–713 nm




	
NIR: 845–885 nm











 





Table 3. Z-test statistical comparison.
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Reflectance




	

	
January 2025

	
November 2024




	
Treatment comparison

	
X1–X2

	
z

	
p-value

	
X1–X2

	
z

	
p-value




	
Turned off vs. Water

	
0.090

	
138.07

	
0.0000

	
0.136

	
−66.24

	
0.00000




	
Turned off vs. Vinasses

	
0.087

	
4.83

	
0.0000

	
0.142

	
−34.33

	
0.00000




	
Water vs. Vinasses

	
0.0943

	
−127.32

	
0.0000

	
0.128

	
32.37

	
0.00000




	

	
Temperature




	

	
January 2025

	
November 2024




	
Treatment comparison

	
X1–X2

	
z

	
p-value

	
X1–X2

	
z

	
p-value




	
Turned off vs. Water

	
0.006

	
75.57

	
0.0000

	
0.010

	
1280.12

	
0.0000




	
Turned off vs. Vinasses

	
0.013

	
31.87

	
0.0000

	
0.013

	
1110.75

	
0.0000




	
Water vs. Vinasses

	
0.013

	
−4.06

	
0.0000

	
0.013

	
138.95

	
0.0000








p-values less than 0.05 indicate a statistically significant difference.
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