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Abstract

:

The progress of scientific research and technological innovation are contributing to an increase in the use of rapid systems for monitoring and identifying geo-environmental processes related to natural and/or anthropogenic activities. The aim of this study is identifying autumnal beach litter using ground-based IR thermography. Starting from quarterly autumn monitoring data of air temperature and sandy soil surface temperature, an empirical equation between the two environmental matrices (air and sandy soil) is obtained. This will allow the calculation of the sandy soil surface temperature knowing only the air temperature. Therefore, it will be possible to know in advance the thermal response of the sandy soil, thus creating a thermal blank of the beach. Using an IR thermal camera, it is possible for a quicker identification of thermal anomalies of the coastal area potentially connected to the presence of pollution due to the anthropogenic origin (particularly plastic material). The test area is located in the area of the Coastal Dunes Regional Natural Park of Ostuni–Fasano in Apulia (southern Italy).
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1. Introduction


Among the atmospheric and non-atmospheric parameters that influence the properties of the climate system, temperature is a very relevant parameter in all the chemical, physical and biological processes that affect the soil formation and its persistence in a natural environment. Considering the same source of thermal radiation, each material is heated differently according to its chemical-physical characteristics. Scientific research and technological innovation have developed new methodologies (IR thermography) and new investigation tools (thermal cameras) based on the use of temperature for the identification of different materials, such as sandy soil. IR thermography allows for detecting and quantifying the infrared energy emitted by any object above absolute zero temperature (−273.14 °C).



Since every object characterized by a temperature above absolute zero emits thermal energy, it can be identified through infrared thermography. Thermal cameras allow for quick and remote collection of a large amount of data.



Over the last few years, the use of thermography has become widespread in various fields such as: research and development, quality and process control, healthcare, construction, industry and the mechanical field [1,2,3,4]. In the environmental monitoring field, thermography had a remarkable development, especially in wildfire detection [5], while is only a first approach for flora and vegetation habitat monitoring, and sometimes also for wildfauna, which necessarily require observations and confirmations directly in the field.



Moreover, the growing anthropogenic impact on the natural coastal environment is causing a significant increase in coastal pollution [6] and spills of chemical products in the marine environment [7]. The need to identify the areas affected by such events is affirming the use of thermography as a new technique, complementary to other traditional methodologies [8,9,10].



IR thermal cameras are also installed on aerial (UAV) and terrestrial (UGV) platforms, resulting in effective equipment in terms of time efficiency and timeliness [11,12,13,14,15,16].



The aim of this study is identifying autumnal beach litter using ground-based IR thermography. Starting from statistical analysis results of monitoring data collected by two air temperature and sandy-soil temperature sensors, installed in the Coastal Dunes Regional Natural Park (Ostuni–Fasano, Italy) (Figure 1), an empirical relation between the environmental matrices (air and sandy soil) will be found. This will allow to estimate the sandy-soil surface temperature knowing only the air temperature.



By estimating the sandy-soil surface temperature it will be possible to rapidly detect any thermal anomalies along the sandy coast, such as anomalies deriving from plastic pollution, by using thermal cameras installed on aerial or terrestrial platforms. The results of this study will help with the optimization of infrared thermography applications in the coastal environmental monitoring.



1.1. Ecological Setting


The Coastal Dunes Regional Natural Park extends from the coast towards inland agricultural areas, occupied by centuries-old olive groves. It includes the Site of Community Importance (SIC) “Litorale Brindisi”, included in the European network “Natura 2000”. In the Park are many species of flora that are well preserved, such as the psammophilous and Cakiletum maritimae [17,18,19]. The system erosion and the relative vegetation are not caused by the wind but are mainly due to people leveling the sand in the summer season, especially in the investigated site and in general on the whole psammophilous coastal area that extends from the site study and far as Brindisi.



The Park was established with the aim of conserving and recovering the habitats and animal and plant species indicated in Community Directives 79/409/EEC and 92/43/EEC.




1.2. Geological and Geomorphological Setting


The area covered by this study is located on the Apulian Adriatic coast, in the Coastal Dunes Park, stretched for 6 km from Torre Canne to Torre San Leonardo. The area hosts a coastal mobile system characterized by the presence of several lakes and ponds and by a polyphasic dune belt parallel to the coast that reaches an altitude of about 17 m (Figure 2).



The deposits consist of medium sand characterized by carbonates, quartz and other minerals in very small percentages (pyroxene and feldspar); there are also rare fragments of siliciclastic rocks and material of anthropogenic origin [20,21,22].




1.3. Climatological Setting


The average annual temperature of the study area ranges between 15 and 16 °C according to 1971–2000 monitoring data [23].



The whole coastal sector is exposed to a wind regime characterized by winds coming from the north-western quadrants (Figure 1), therefore storm surges are very frequent in winter and also cause the stranding of a large amount of natural and anthropogenic material. The main direction of the longshore transport is NW-SE [24] (Figure 1).





2. Materials and Methods


In order to create a thermal blank of the beach and consequently identify the thermal polluting anomalies (attributable to the beach litter) with the thermal camera (FLIR C3), two sensors (Elitech RC-4) equipped with a data logger were installed (Figure 3 and Figure 4). Sandy soil surface temperature data and air temperature data were collected. Soil moisture affects soil temperature just as air humidity affects air temperature. Furthermore, the humidity of the air could be influenced by other atmospheric parameters (rain, wind, atmospheric pressure) and the humidity of the sandy soil by other parameters (vegetation, storm surges, rain). Since the thermal imager acquires only the temperature data, the experimental monitoring activity concerned only the temperature data (air and soil). This was done to make the thermographic technique a methodology to support other new methodologies (spectral sensors, artificial intelligence algorithms) in emergency coastal pollution conditions where it is necessary to be quick in identification and mapping.



The first thermal sensor inserted in a meteorological screen (solar radiation protection), was installed 2 m from the ground to measure air temperature (Figure 4a) as recommended by WMO (World Meteorological Organization) guidelines. The sensor is able to measure temperatures ranging from −40 °C to +80 °C with a 0.1 °C resolution and a 0.5 °C accuracy. The Elitech RC-4 sensor with probe was used for the sandy soil surface temperature. It has the same technical specs, and the data logger was positioned on the dune into a waterproof box, protected from bad weather and anthropic interference, and the probe (connected to the data logger) directly in contact with the sandy soil surface (Figure 4b).



Both sensors were set to a sampling rate of 5 min, the monitoring started on 7 October 2018 and ended on 15 December 2018. The monitoring period was chosen to avoid anthropogenic disturbances related to tourism, which could compromise the sensors installed. The collected data were downloaded and exported in .txt format, in a dataset gathering about 20,000 thermal data for each sensor. The statistical analysis was carried out using Microsoft Excel 2019 and R 4.0.3 software package. Daily average air and sandy-soil surface temperature was calculated, as well as Pearson’s correlation coefficient. This coefficient is the test that measures the statistical relationship between two continuous variables, giving information about the correlation and the direction of the relationship, and it ranges between −1 (strong negative linear relationship) and +1 (strong positive linear relationship). A null coefficient means there is no linear relationship between the variables.



Moreover, by analysing the scatter plot, the line of best fit and the empirical equation were obtained. The coefficient of determination R2 was calculated to understand the accuracy of the regression model used to make predictions. The coefficient ranges between 0 and 1 and it is a statistical measure of how close the data are to the fitted regression line. Finally, the RMSE (Root Mean Squared Error) was calculated, and the daily average temperature values observed were compared with the ones obtained from the prediction model.



Six thermal images 80 × 60 (4800 pixels) on the ground were collected in the study area, using an FLIR C3 thermal imaging camera (Figure 3). Its sensor can detect and measure temperatures between −10 °C and +150 °C in a spectral band ranging from 7.5 to 14 μm, to a resolution of 0.1 °C and an accuracy of ±2 °C. The images were collected on 30 October 2018, twice in the morning (8:00 AM UTC and 9:00 AM UTC) and twice in the afternoon (12:00 PM UTC and 2:30 PM UTC); and on 31 October 31 in the morning (5:30 AM UTC) and in the afternoon (01:00 PM UTC). The observed air temperature was:




	
16.5 °C ± 0.5 and 17.1 °C ± 0.5 (on 30 October 2018, respectively, at 08:00 AM UTC and at 09:00 AM UTC);



	
24.8 °C ± 0.5 and 19.5 °C ± 0.5 (on 30 October 2018, respectively, at 12:00 PM UTC and at 02:30 PM UTC);



	
14.4 °C ± 0.5 and 23.9 °C ± 0.5 (on 31 October 2018, respectively, at 05:30 AM UTC and at 01:00 PM UTC).








The thermal images were processed with FLIR Tools software, setting the sand emissivity (ε = 0.90). For each radiometric thermal acquisition, knowing the air temperature, the empirical equation was applied in order to obtain a prediction of the sandy soil thermal range, taking into account the instrumental error.



Finally, for each thermal image processed, the GIS software created 10 random points. Later the same points were imported into the corresponding RGB images to understand what they really identified. It was assessed that the degree of confidence of the results through the calculation of the kappa coefficient [25,26] allowed for the assessment of the degree of confidence of the results on a morning and afternoon scale. The kappa index measures the agreement between different assessments for the classification of the same object. Kappa index is defined as:


K = (po − pe)/(1 − pe)



(1)







po = observed agreement; pe = hypothetical probability of agreement.



The calculation of the index is carried out with the construction of a matrix called the confusion matrix.



This index ranges from 0 to 1 and expresses the correlation between the homologues points in the IRT and RGB image. K = 1 indicates perfect agreement while K = 0 indicates absence of agreement. Generally, a value of the index k > 0.75 indicates a good agreement.




3. Results and Discussion


Daily average air temperature and sandy-soil surface temperature are shown in Figure 5, while Table 1 shows the maximum and minimum values of the daily average air temperature and sandy soil surface temperature. Figure 5 shows that the sandy-soil surface temperature is always lower than the air temperature. This happens because in the autumn the surface of the sandy soil, in this study area, is always wet.



The Pearson correlation coefficient shows a strong positive correlation (0.97) between average daily air temperature and average daily sandy-soil surface temperature soil. The best model for the study area, approximating the empirical data, was calculated from the scatter plot (Figure 6) and it results in a non-linear regression, a power function. In fact, in the interpolation curve, a slight upwards concavity can be observed.



The resulting model is represented by the equation:


Ts = 0.5572 × Ta1.1701



(2)







Ts = sandy-soil surface temperature; Ta = air temperature.



The coefficient of determination R2 = 0.94 has validated the statistical model. The empirical equation obtained was used to predict the daily average sandy-soil surface temperature knowing the air temperature. Therefore, the results were compared with the temperature measured on site (Figure 7).



RMSE has been obtained through statistical processing. It is a statistical indicator that quantifies the deviation between the observed and simulated data. The value of RMSE stood at 0.96. The very low value confirms the accuracy of the empirical equation obtained. For statistical completeness, a linear regression of the data was also performed. Although the value of R2 = 0.94 was equal to the non-linear regression, the value of the RMSE (0.97) was slightly higher than the non-linear regression. This statistical difference influenced the choice of the regression typology to obtain the empirical equation.



Table 2 shows the air temperature values obtained from the morning and afternoon thermal imaging survey. Sandy-soil surface temperature values was obtained by using these values in the Equation (2). Moreover, taking into account the thermal camera accuracy, the thermal range of the sandy soil surface is shown.



Figure 8 shows the thermal images collected in the morning of 30 October 2018 and 31 October 2018, processed using FLIR Tools. Table 3 shows the correspondence of the material detected in the thermal image (prediction) compared with the RGB image (truth) in the randomly selected points.



The kappa coefficient value was calculated and resulted to be equal to 0.93. Figure 9 shows the thermal images collected in the afternoon of 30 October 2018 and 31 October 2018 and processed. Table 4 shows the correspondence between of the material detected in the thermal image (prediction) compared with the RGB image (truth) in 30 random points.



The kappa coefficient value was calculated and resulted to be equal to 0.74. The results obtained from empirical equation application in the thermal images, the comparison between the material detected in the thermal images and the values of the kappa coefficient, allowed for validation of the thermal methodology used, which was developed to identify sandy soil on the coast using IR thermography, distinguishing it from thermal anomalies which can be due to the presence of different materials and polluting objects and material of anthropogenic origin such as plastic. The methodology described may have problems with shaded areas, because they are significantly cooler than the predicted soil temperature value. However, using UAV systems with larger scale acquisitions, the shaded areas would have less weight in the acquired thermograms than the really radiated beach areas.




4. Conclusions


This study represents an application of the IR thermography technology in the field of coastal environmental monitoring. The 70-day monitoring of the air and sandy soil surface temperature by means of two thermal sensors, carried out in the Coastal Dunes Regional Natural Park (Ostuni–Fasano), and the statistical analysis of a considerable amount of thermal data, allowed the development of an empirical equation used for calculating the sandy-soil surface temperature by knowing only the air temperature. The existence of a strong correlation between the two variables, the high value of the coefficient of determination R2 of the model and a low value of the RMSE value, confirmed the good quality of the empirical equation used.



Moreover, the tests carried out applying the equation to the IR thermal survey and the value of the kappa coefficient calculated, validated this methodology, making it an effective tool for anthropogenic polluting material detection (plastic, glass, rubber) on the sandy coast in the study area.



The results obtained can be used to rapidly process thermal images deriving from surveys carried out with sensors installed on UAV and UGV, quickly detecting the presence of anomalies due to potentially polluting objects (like plastic, glass, etc) or other pollutant materials.



Further coastal environmental geology studies will be carried out in the future. In particular, remote multispectral methodologies will be tested in this study area for a more precise identification of pollutants.
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Figure 1. (a) Study area localization in the Coastal Dunes Regional Natural Park (Apulia, Italy); (b) Polar plots of the wind speed distribution and wave height distribution. 
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Figure 2. View of the study area (19 July 2018). The characteristics of the beach change quickly and dramatically depending on the storm surge. 
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Figure 3. Sensor localization; and IR thermography survey area. 
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Figure 4. Air temperature sensor (a); sandy-soil surface temperature sensor (b). The pictures clearly show the presence of vegetation typical of the dune environment (Cakiletum, Ammophiletum and Agropyretum). 
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Figure 5. Daily average air and sandy soil surface temperature during the monitoring period. 
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Figure 6. Scatter plot between average air temperature and sandy soil surface temperature. 
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Figure 7. Comparison between measured and predicted sandy soil surface temperature during the same monitoring period. 
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Figure 8. Morning acquisition: thermal image (on the left) and RGB image (on the right). Randomly selected points (in red). The yellow pixels in the thermal image indicate the sandy soil surface identified by the application of the empirical Equation (2). Plastic bottles can be seen in (a), rubber soles in (b), glass bottles and expanded polystyrene in (c). 
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Figure 9. Afternoon acquisition: thermal image (on the left) and RGB image (on the right). Randomly selected points (in red). The yellow pixels in the thermal image represent the sandy soil surface identified by the application of the empirical Equation (2). Plastic bottles and bags can be seen in (a,c) and rusty bottles in (b). 
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Table 1. Extreme values of average temperature.






Table 1. Extreme values of average temperature.










	
	Air
	Sandy-Soil Surface





	Maximum daily average temperature (°C)
	23.5
	22.2



	Minimum daily average temperature (°C)
	7.8
	5.5
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Table 2. Temperature data (30–31 October 2018).
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	Air Temp. (°C) Observed
	Sandy Soil Surface Temp. (°C) Predicted by Applying (2)
	Potential Thermal Range of Sandy Soil Surface (for Each IR Image) Considering the Previous Column and the Instrumental Accuracy (±2 °C)





	08:00 AM UTC
	16.5
	14.8
	12.8–16.8



	09:00 AM UTC
	17.1
	15.5
	13.5–17.5



	12:00 PM UTC
	24.8
	20.5
	18.5–22.5



	02:30 PM UTC
	19.5
	18
	16–20



	05:30 AM UTC
	14.4
	12.6
	10.6–14.6



	01:00 PM UTC
	23.9
	22.8
	20.8–24.8
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Table 3. Correspondence between the material detected in the thermal image and the RGB image in the selected points (morning).
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Material in the RGB Image (Truth)




	

	

	
Sandy Soil

	
Natural and/or Anthropic Anomaly

	
Total






	
Material detected in the thermal image (prediction)

	
Sandy soil

	
15

	
1

	
16




	
Natural and/or anthropic anomaly

	
0

	
14

	
14




	
Total

	
15

	
15

	
30
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Table 4. Correspondence between the material detected in the thermal image and the RGB image in the selected points (afternoon).
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Material in the RGB Image (Truth)




	

	

	
Sandy Soil

	
Natural and/or Anthropic Anomaly

	
Total






	
Material detected in the thermal image (prediction)

	
Sandy soil

	
13

	
1

	
14




	
Natural and/or anthropic anomaly

	
3

	
13

	
16




	
Total

	
16

	
14

	
30
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