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Abstract

:

Land Surface Temperature (LST) from satellite data is a key component in many aspects of environmental research. In volcanic areas, LST is used to detect ground thermal anomalies providing a supplementary tool to monitor the activity status of a particular volcano. In this work, we describe a procedure aimed at identifying spatial thermal anomalies in thermal infrared (TIR) satellite frames which are corrected for the seasonal influence by using TIR images from ground stations. The procedure was applied to the volcanic area of Campi Flegrei (Italy) using TIR ASTER and Landsat 8 satellite imagery and TIR ground images acquired from the Thermal Infrared volcanic surveillance Network (TIRNet) (INGV, Osservatorio Vesuviano). The continuous TIRNet time-series images were processed to evaluate the seasonal component which was used to correct the surface temperatures estimated by the satellite’s discrete data. The results showed a good correspondence between de-seasoned time series of surface ground temperatures and satellite temperatures. The seasonal correction of satellite surface temperatures allows monitoring of the surface thermal field to be extended to all the satellite frames, covering a wide portion of Campi Flegrei volcanic area.
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1. Introduction


More than 300,000 people live inside the volcanic area of Campi Flegrei, (Italy; Figure 1) that also includes part of the city of Naples (about 1 million people). Due to the high volcanic risk affecting this area, continuous seismic, geochemical and ground deformation monitoring networks, aimed at volcanic surveillance, operate in the Campi Flegrei [1,2,3]. In particular, the Thermal Infrared surveillance Network (TIRNet) consists of thermal infrared ground stations intended for continuous monitoring of surface temperatures of fumarole fields located inside the Solfatara crater and in the Pisciarelli area (Figure 1b) [2,4].



Volcanic surveillance based on a thermal infrared ground camera is a tool which is commonly used (e.g., in Italy, Mt. Etna [5,6,7,8,9] and in the USA, Hawaiian volcanoes) and the information obtained by this monitoring tool is useful for defining the local hazard level. Moreover, the use of Thermal InfraRed (TIR) satellite sensors is also a consolidated technique [10,11,12,13,14,15,16] for monitoring the volcanic activity at different spatial resolutions: low (e.g., Meteosat Second Generation, MSG, or the Geostationary Environmental Satellite, GOES), moderate (e.g., MODIS, AVHRR, Sentinel 3) and high (e.g., Advanced Spaceborne Thermal Emission and Reflection Radiometer, ASTER, and Landsat 8) [17,18,19,20,21,22,23,24,25,26,27,28,29,30]. The development of remote sensing techniques aimed at the estimation of surface temperatures of lava flows, lava lakes, and domes, as well as fumaroles of active volcanic areas, has allowed significant improvements in volcano monitoring activity [6,31,32,33,34]. Indeed, recent studies have shown thermal anomalies as an indicator of change in volcanic systems [4,35].



The availability of TIR frames acquired by both satellite Earth Observation (EO) and permanent ground stations of the Solfatara area (TIRNet), provide an opportunity to compare the two different surface temperatures retrieved. Since TIR satellite data are characterized by coarser spatial resolution with respect to TIR data from ground stations, this comparison can provide information to improve satellite data reliability.



This work reports on a procedure aimed at identifying spatial thermal anomalies over TIR satellite frames which were corrected for the seasonal influence by using surface temperature data from TIR ground stations. This procedure was tested at the Campi Flegrei volcanic area (Italy) and the results are presented.




2. Brief Geological Outline of Investigated Area


Campi Flegrei is an active volcanic field developed inside a collapsed area formed by two high energy eruptions: Campanian Ignimbrite and Neapolitan Yellow Tuff, aged 40 and 15 ka, respectively [37,38,39,40,41,42]. In the last 15 ka, after the Neapolitan Yellow Tuff eruption, almost 70 eruptions have taken place at the Campi Flegrei caldera (CFc) and the last eruption generated the Monte Nuovo volcanic edifice (1538 AD; [43]). CFc is affected by ground vertical movements (Bradyseism) and in modern times, two significant episodes of ground uplift have occurred, with a maximum uplift of about 3.5 m in the area of Pozzuoli [44]. In the last ten years the same area has been affected by ground uplift, with vertical displacement of about 400 mm in the period 2008–2018 [45]. At present, the Solfatara area (Figure 1) is the highly hydrothermally active zone of Campi Flegrei, with diffuse fumaroles inside and beside the crater. Intense degassing also occurs at the Pisciarelli location (Figure 1b), at the NE of the Solfatara crater [46,47,48,49].




3. Materials


The data used to apply the procedure presented in this work are the surface temperatures from two different sets of data: (1) Landsat 8 and ASTER satellite TIR data; and (2) data from the TIRNet thermal camera ground network.



3.1. Satellite Data


3.1.1. Landsat 8 (L8) Data


Landsat satellites have been collecting imagery of the Earth’s surface since 1972 [50], creating a huge historical archive that is unmatched. The millions of scenes held in the USGS archives provide useful support to all users worldwide. Landsat 8 (L8) is the last satellite, launched on 11 February 2013 [51]. Among the different sensors mounted on board, in this work we use the data acquired by TIRS which consists of two bands (band 10, 10.60–11.19 µm and band 11, 11.50–12.51 µm) useful for providing accurate surface temperatures and collected at 100 m spatial resolution. For this work we used the TIRS channels to estimate the surface temperature in the Campi Flegrei area. By adopting L8, we have decided to use only the B10 band due to known calibration problems in the dual thermal bands of L8 [52].



The L8 satellite collects images of the entire Earth every 16 days with an 8-day offset from Landsat 7. Considering the nighttime data time series collected, excluding cloudy scenes, the analyzed L8 data are reported in Table 1.



The estimations of surface temperature were obtained by applying the procedure described in [53] and its bibliography.




3.1.2. Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Data


The ASTER sensor launched in December 1999 is one of five instruments on the Terra satellite, part of NASA’s Earth Observing System (EOS). The ASTER instrument has three sensors in the VNRI, SWIR and TIR Spectral range [54]. In this work we refer to the five bands within the thermal infrared (TIR) region (8 to 12 µm) with 90 m spatial resolution [55].



ASTER is the first orbital sensor that provides publicly-available high-spatial resolution data with more than two bands in the TIR region. These data enable the development of methods for extracting the small-scale compositional and temperature structure of the surface [56,57,58]. The list of 25 nighttime ASTER TIR scenes collected, excluding cloudy data, is reported in Table 2.



The estimations of surface temperature were obtained by applying the procedure described in [59] and its bibliography.





3.2. Permanent Thermal Camera Data


The permanent Thermal Infrared Surveillance Network (TIRNet) has been developed by INGV-Osservatorio Vesuviano for the volcanic surveillance of the Neapolitan area. In the Campi Flegrei area, five stations have been installed for daily acquisition of thermal infrared data of diffuse degassing areas characterized by significant thermal anomalies. These areas are located inside and outside the Solfatara crater, in the surrounding areas of the Mt. Olibano lava dome and at Pisciarelli (SF1, SF2, OBN, PS1 and SOB stations; Figure 2).



Each station is equipped with FLIR SC645/655 infrared cameras provided in a focal-plane array (FPA) and an uncooled microbolometer detector whose resolution is 640 × 480 pixels, with a spectral range of 7.5–14 μm, accuracy of ±2 °C and thermal sensitivity of <0.03 °C @ +30 °C [60].



TIRNet data are acquired at night time in the absence of solar radiation [61] (pp. 94–97). Daily acquisitions and data transmission are managed remotely through technology developed in-house, allowing continuous time series of infrared (IR) frames [4,62]. Three images are acquired per night (00:00, 02:00 and 04:00 UTC).



The main specifications of the TIRNet stations are reported in Table 3.





4. Methods and Statistical Analysis


The procedure proposed in this work is aimed at detecting spatial thermal anomalies in TIR Satellite Frames (TSF) and it is accomplished by performing three main steps: (1) a pre-processing step; (2) a de-seasoning step; and (3) evaluation of thermal anomalies inside the satellite frames.



The first step consists of the geometric correction of TIR Ground Frames (TGF) and the creation of planimetrically corrected images. This step also performs a comparison between TGF and TSF temperature data which provides preliminary information necessary to evaluate the feasibility of the whole procedure. The second step concerns the removal of seasonality from both TGF and TSF. In the third step, the satellite de-seasoned frames are used to detect thermal spatial anomalies.



4.1. Pre-Processing


As preliminary step, the surface temperature time-series trends of both TGF and TSF need to be compared. The aim of this comparison is to assess whether the two different time-series have similar behavior so that the processing methodology is applicable. In order to extract the surface temperature time-series, an orthorectification of TGF is necessary. This removes the image geometric distortions by using ArcGIS© tools [63,64] as required when the images to compare are acquired with a different field of view.



The process of orthorectification of the TGF into the UTM WGS84 coordinate system [65] was performed by using a set of Ground Control Points (GCP) identified both on the TGF and on a Digital Surface Model (DSM) [66] of the studied area. A viewshed analysis was performed for each station by taking into account the field of view (FoV) of thermal cameras, the line of sight and the DSM [64]. In this way, the areas of visibility to use in the further analysis were identified (Figure 3). In particular, the SF1 frame was subdivided into three subsets characterized by different distances between the sensor and the target (Figure 4a).



In order to compare the spatial thermal anomalies of both TGF and TSF, common areas were identified using polygons which were constructed on the basis of a regularly spaced, 30 × 30 m large grid. These polygons defined the analysis areas which are shown in Figure 4b.



In Figure 5, the limits of the analysis areas are overlapped with ASTER and Landsat 8 TIR frames.



Time-series of temperature values inside the analysis areas were created by using the zonal statistical function (ArcGIS© algorithm [64]) which calculates the mean, minimum and maximum temperature values of the analysis areas belonging to all TGF and TSF. The plots in Figure 6 show the comparison between mean temperature values of analysis areas in the TGF and mean temperature values of the same areas in the TSF.



Figure 6 provides evidence that temperature values extracted from TIR frames acquired at different scales were comparable and also that the seasonal component strongly affected the temperature trends. This evidence allowed the procedure to continue and removal of the seasonal component to be performed.




4.2. Seasonal Component Removal


In order to remove the seasonal component of temperature time-series from TSF it is necessary to evaluate seasonality by applying the Seasonal and Trend decomposition using Loess (STL) method [67,68] to TGF daily continuous temperature time-series. The STL function is based on a locally weighted regression smoother (LOESS) algorithm [67] available in R [69] statistical language and requires almost two years of continuous data. Recent studies have applied STL to detect normalized difference vegetation index (NDVI) changes [70] and to identify anomalous regions within satellite image time series [71].



The STL decomposition method splits temperature data into three main components: seasonality, trend and remainder. Figure 7 shows plots of seasonality time-series obtained from temperature time-series of the PS1, SF2, SF1 and OBN TIRNet stations. Since the seasonality value is almost the same in all temperatures time-series of TIRNet stations, PS1 seasonality was chosen to remove the seasonal effect from all the satellite data frames. The choice of PS1 seasonality was due to the time length of the temperature time-series of this station.



This seasonal correction allowed us to highlight in the TSF, the variations of surface temperatures mainly due to the endogenous effects.




4.3. Evaluation of Thermal Anomalies Inside Satellite Frames


The seasonal correction of satellite frames produced spatial data which can be used to identify thermally anomalous regions inside the TSF. If sea water is part of the satellite frame, a mask has to be applied to remove the contribution of the water to the temperature distributions.



In order to evaluate the existence of thermally anomalous areas outside the sectors monitored by the TIR ground stations, only land surface Median Temperature values greater than a Threshold Value (MTTV) are selected. The threshold values of +1σ, +1.5σ and +2σ were chosen by evaluating the Gaussian distribution of temperatures belonging to all the pixels of each frame.



The MTTV were used to create maps showing only pixels characterized by the higher temperatures in the observed period. In these maps the urbanized areas were masked to exclude infrared information related to anthropic activity.





5. Results


The methodology presented in Section 4 was applied to the Campi Flegrei area (Italy) by processing the datasets described in Section 3. The results are shown in the following sections.



5.1. Removal of Seasonality to Temperature Time-Series


The plots of the de-seasoned temperature time-series of the anomalous areas (Figure 4) of the TGF (cyan line) and TSF (black line) are shown in Figure 8. TGF were acquired by TIRNet ground stations, and TSF were acquired by ASTER and L8 satellites. These plots enable comparisons of the variations in time of temperatures inside the anomalous areas common to both satellite and ground data.




5.2. Maps of De-seasoned Temperatures of Satellite Frames


In Figure 9, the maps of land surface median de-seasoned temperatures of TSF are shown. Sea water was not removed, and urban areas are also present.



In Figure 10, the maps of MTTV are shown. These maps were created after masking the sea water and using median temperatures values higher than three different threshold values (see Section 4.3). The threshold values used are reported in Table 4. These values were evaluated according to the Gaussian distribution of temperature values of each TSF. The pixels falling inside urbanized areas are not shown in these maps.



The MTTV maps show the presence of areas characterized by high temperatures which were stable during the period of data acquisition.





6. Discussion


A key requirement to validate the proposed procedure (see Section 4) is the comparison between the temperature trends extracted by TGF and by TSF. The effectiveness of this comparison depends on the accuracy of the pre-processing phase consisting of geometric correction and co-registration of different datasets (see Section 4.1). If this phase is not able to provide good quality results, due to the intrinsic properties of TIR data, the subsequent steps of the procedure can not be performed. The plots in Figure 6, produced at the end of the pre-processing phase, provided evidence that TGF and TSF temperature values differed up to a maximum of only two degrees, and showed common trend behaviour. This result allowed us to continue with the next steps of the procedure Since these temperature trends were clearly affected by significant seasonal influence, the second step of procedure was applied to remove the seasonal component of the data. The efficacy of this step is clearly shown in Figure 8, where the TIRNet and satellite mean temperature time-series are not affected by the typical oscillating behaviour due to seasonality. In the same figure, it is also evident that after the seasonal correction, the behaviour of temperature time-series of TIRNet and satellite data are very similar.



Regarding the temperature time-series in Figure 8, some observations can be made: (1) ASTER mean temperatures were characterized by a more stable trend then L8 mean temperatures, probably due to the lower sampling rate of ASTER data; (2) in the first months of 2015, L8 time-series showed a negative peak, likely due to a very cold end of winter; (3) both ASTER and L8 data showed a negative peak corresponding to October 2015.



The evidence from the third observation could suggest a correlation between the negative peak of temperatures and the occurrence of moderate magnitude earthquake swarms in the Campi Flegrei area on 7 October of the same year. The higher magnitude event (Md = 2.5) was also the larger one that occurred in the observation period.



The maps of de-seasoned median temperatures of satellite frames (Figure 9) provide evidence that higher temperature values are representative both of water bodies and small inland areas. In order to highlight thermal anomalies due to volcanic activity, it is necessary to mask water bodies and every thermal source of anthropic origin. This task has been achieved in Figure 10 by masking water bodies and representing only pixels whose temperature is higher than the different threshold values reported in Table 4.



The MTTV map of Figure 10a, obtained by using the 1σ threshold value of the ASTER frames, show clusters of pixels characterized by high temperatures along the coastal line, volcanic edifices and urbanized areas. In Figure 10c (threshold value = 1.5σ) high temperature pixels are located mainly over the volcanic edifices of Solfatara and Monte Nuovo (see Figure 1) and subordinately along coastal lines. Also, a few pixels are located near highly urbanized areas. In Figure 10e, only the Solfatara volcanic area and a few coastal places are highlighted by high temperature pixels. Landsat 8 maps of Figure 10b,d,f show similar behaviour as the ASTER maps, although the number of high temperature pixels is considerably greater, likely due to the different IR sensor sensibility.



These observations indicate that in the Campi Flegrei area the Solfatara volcanic centre is characterized by higher median temperatures of TSF. Furthermore, the Monte Nuovo volcanic area shows high median temperature pixels which are evidenced when using low threshold values (1 and 1.5σ) only.



This evidence is consistent with the intense volcanic degassing activity, which is strongly clustered in the Solfatara area, and subordinately at the Monte Nuovo volcanic centre. Finally, in the observed period, no unknown thermally anomalous areas related to volcanic activity were highlighted in other sectors of Campi Flegrei.




7. Conclusions


A common problem occurring when analyzing spatio-temporal variation of land surface temperatures by satellite observations, concerns the methodology used to remove seasonal influence from the data. The present study proposed a methodology aimed at cleaning up the thermal infrared (TIR) satellite images of the seasonal effect in order to identify surface spatial thermal anomalies. This methodology consists of three main steps.



In the first step, a geometric correction of TGF is performed and planimetrically corrected images are produced in order to define thermal anomaly areas common to ground and satellite imagery. In this way, TGF and TSF data can be compared as this is necessary to evaluate the achievability of the whole procedure.



In the second step, the removal of the seasonal component of TSF is carried out. The seasonal component is obtained by applying the STL decomposition method to the daily continuous TGF temperature time-series and then subtracting it from TSF temperature time-series.



In the final step, land surface median temperature values are evaluated to create maps to identify areas affected by thermal anomalies. In these maps, urbanized areas and sea water are masked in order to show only land pixels not influenced by anthropic activity and characterized by the higher temperatures of the observed period. To remove pixels related to background temperatures and highlight only the pixels associated to thermal anomalies, the median temperature values higher than three different threshold values are used to produce different maps. These threshold values (+1σ, +1.5σ and +2σ) are estimated on the basis of the Gaussian distribution of all temperatures of each TSF.



The proposed methodology was applied to the Campi Flegrei volcanic area (Italy) by using TGF acquired by the TIRNet volcanic surveillance network (INGV, Osservatorio Vesuviano) and ASTER and Landsat 8 TGF ranging from July 2013 to November 2017.



The preliminary comparison (step 1) showed good agreement among the temperature time-series of TGF and TSF, allowing the procedure to continue.



The removal of the seasonal effect (step 2) produced plots of de-seasoned temperatures not affected by the typical oscillating behaviour due to seasonality. The occurrence in October 2015 of both a negative peak of satellite/ground temperatures and of moderate magnitude earthquake swarms in the Campi Flegrei area, was observed. This is an interesting starting point to begin a multidisciplinary discussion about surface thermal behaviour during a seismic crisis.



As product of the third step, different maps of land surface median temperature values were produced by applying different temperature threshold values. The maps show that the higher the threshold value is, the more thermal anomalies mainly related to anthropic or sea water influence are excluded. At the same time, the thermal anomalies due to the degassing activity of the Solfatara and Monte Nuovo volcanic edifices are highlighted.



As a final observation, no evidence of anomalous areas connected to volcanic activity were detected in the Campi Flegrei area covered by TSF.



The feasibility of the proposed methodology depends mainly on: (1) the availability of continuous TGF time-series which has to be almost two-years long; (2) the proper correction of TGF acquisition geometry; (3) the absence of intense urbanization; and (4) the presence of significant high temperature thermal anomalies in the studied area.



In conclusion, the methodology proposed in this work can provide a useful tool to improve the contribution of satellite data to volcanic/environmental surveillance aimed at analyzing the possible spatial variations of land surface temperatures.
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Figure 1. Painted relief map and urbanized areas (in grey) of Campi Flegrei (a) and infrared thermal image of the Solfatara crater and its surroundings (b) acquired by 3° Reparto Capitanerie di Porto (Comando Generale del Corpo delle Capitanerie di Porto), using an airborne multispectral sensor Daedalus 1268 ATM Enhanced [36] on 19 December 2013, 04:00 (UTC). 
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Figure 2. Location of the TIRNet permanent stations (red dots) and the investigated regions (yellow areas). The corresponding infrared (IR) images are shown inside white frames. SF1 = Solfatara Station 1; SF2 = Solfatara Station 2; SOB = Solfatara OB Station; OBN = Olibano Station; PS1 = Pisciarelli Station. 
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Figure 3. Location and visibility analysis of TIRNet stations in the Campi Flegrei area over the Digital Surface Model (DSM). Lidar data for the DSM were downloaded from the official website Città Metropolitana di Napoli [66] and then processed. 
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Figure 4. (a) Draped and georeferenced TIR ground frames (TGF) of SF1, SF2, OBN, PS1 and SOB stations. The image of the SF1 Station is split into three coherent parts with different focal geometry (SF1_A/B/C); (b) polygons obtained by grouping cells containing data from TIRNet stations. SF1_A/B/C= Solfatara Station 1; SF2 = Solfatara Station 2; SOB = Solfatara OB Station; OBN = Olibano Station; PS1 = Pisciarelli Station. TIR images were acquired at night time (00:00–04:00). 
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Figure 5. Polygons defining common areas shown in Figure 4b overlapping ASTER (a) and L8 (b) thermal data of 1 June 2018 and 24 May 2018, respectively. 
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Figure 6. Comparison among temperature time series extracted from satellite and TIRNet analysis areas. Green line = mean temperature of satellite data; red line = mean temperature of TIRNet data. 
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Figure 7. Plots of seasonality values extracted from temperature time-series of PS1, SF2, SF1 and OBN TIRNet ground stations. 
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Figure 8. Comparisons among time-series from ASTER/L8 and TIRNet data with seasonality removed, detected at the PS1 ground station. Black line = mean temperatures of anomalous areas inside the TSF. Cyan line = mean temperatures of anomalous areas inside the TGF. Labels of the plots refer to the names of the anomalous areas as shown in Figure 4 and Figure 5. 
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Figure 9. Maps of land surface median temperature values of ASTER (a) and L8 (b) de-seasoned time-series. 
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Figure 10. Maps of Median Temperature values greater than a Threshold Value (MTTV) of TSF with temperature thresholds of: +1σ (a,b); +1.5σ (c,d); 2σ (e,f). 
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Table 1. List of analyzed nighttime L8 data.
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	2013
	2014
	2015
	2016
	2017





	4, 20 December
	6, 22 February

11 April

29 May

30 June

16 July

1, 17 August

20 October

21 November

7 December
	9 February

13 March

1 June

3, 19 July

4, 20 August

5, 21 September

23 October

8 November

10, 26 December
	16 April

18 May

3 June

5, 21 July

6 August

7 September

10, 26 November

12 December
	3, 19 April

5, 21 May

6, 22 June

8, 24 July

9, 25 August

12, 28 October

13 November
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Table 2. List of analyzed nighttime ASTER data.
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	2013
	2014
	2015
	2016
	2017





	12 July

3, 12, 21 December
	18 March

22 June

26 September
	17 February

11, 18, 20 July

13 September

15 October

2, 18 December
	4 June

6 September

4, 27 December
	1 March

13 May

14, 21 June

16 July

2 September
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Table 3. Main specifications of TIRNet stations. Refer to Figure 2 for station names and locations.
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	Remote Station
	Camera Model
	Resolution (Pixel)
	Station UTM Coordinates (m)
	Sensor-Target Average Distance (m)
	Average Pixel Size (cm)





	SF1
	FLIR A655SC
	640 × 480
	X: 427.460

Y: 4.520.154
	340
	23.1



	SF2
	FLIR A645SC
	640 × 480
	X: 427.460

Y: 4.520.154
	114
	4.6



	PS1
	FLIR A645SC
	640 × 480
	X: 428.081

Y: 4.520.117
	140
	5.6



	OBN
	FLIR A645SC
	640 × 480
	X: 427.695

Y: 4.519.530
	65
	2.9 ÷ 5.4



	SOB
	FLIR A655SC
	640 × 480
	X: 427.810

Y: 4.519.878
	90
	5.5 ÷ 6.7
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Table 4. Threshold values used to extract temperatures representative of thermal anomalies in TIR Satellite Frames (TSF) (see Section 4.3).
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	Thresholds
	ASTER
	L8





	+1σ
	16.36 °C
	17.01 °C



	+1.5σ
	17.19 °C
	18.02 °C



	+2σ
	18.03 °C
	19.04 °C











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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