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Abstract

:

The practice of monitoring active volcanoes, includes several techniques using either direct or remote measurements, the latter being more important for volcanoes with limited accessibility. We present the Volcanic Anomalies Monitoring System (VOLCANOMS), a new, online, low-cost and semiautomatic system based on Landsat imagery. This system can detect permanent and/or temporal thermal anomalies in near-infrared (NIR), short-wave infrared (SWIR), and thermal infrared (TIR) bands. VOLCANOMS allows researchers to calculate several thermal parameters, such as thermal radiance, effective temperature, anomaly area, radiative, gas, convective, and total heat, and mass fluxes. We study the eruptive activity of five volcanoes including Krakatau, Stromboli, Fuego, Villarrica and Lascar volcanoes, comparing field and eruptive data with thermal radiance. In the case of Villarrica and Lascar volcanoes, we also compare the thermal radiance and eruptive activity with seismic data. The thermal radiance shows a concordance with the eruptive activity in all cases, whereas a correlation is observed between thermal and seismic data both, in Villarrica and Lascar volcanoes, especially in the case of long-period seismicity. VOLCANOMS is a new and powerful tool that, combined with other techniques, generates robust information for volcanic monitoring.
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1. Introduction


Monitoring of active and/or potentially active volcanoes requires several techniques and instruments, such as seismometers, inclinometers, gravimeters, gas spectrometers, direct gas sampling, and video surveillance, among others. However, some of these techniques are not completely useful during eruptive processes, due to the high ash content, which prevents accurate measurement of SO2 with ground-based techniques, such as UV cameras or spectrometers [1,2], and because it is impossible to access fumarolic vents for direct sampling. Some of the monitoring equipment is also expensive, resulting in budget dependence for a good quality-monitoring network. Further, several volcanoes are located in remote areas, and thus, they are not prioritized for monitoring because they do not represent hazardous centers for population and/or infrastructure. Such remote locations also make the installation of monitoring networks difficult because of poor access and the high expense. One of the most useful and, in several cases, easiest low-cost implementations for volcanic monitoring is the use of satellite images [3,4,5,6,7]. This technique includes a wide spectrum of satellites and images at several spatial, spectral, temporal, and radiometric resolutions, providing easy and free access in some cases [8,9,10].



The use of satellite images in volcanology started during the 1960s, when High-Resolution Infrared Radiometer (HRIR) sensors were used to compare the thermal radiance of the Manua Loa and Kilauea volcanoes [11]. Since then, the use of satellite images has been considered an option for studying active volcanoes, being mainly utilized to detect hot spots related to volcanic activity, eruption chronology, time series studies, and heat and mass flux studies [12]. According to Ramsey and Harris [13], 2000 was the pivotal year for volcanology based on satellite images, mainly in terms of the appearance and development of online and automated hot-spot detection. One of the most used automated systems is MODVOLC [14], which is based on low spatial-resolution infrared images from a Moderate-resolution Imaging Spectroradiometer (MODIS). MODVOLC is an algorithm that allows researchers to detect volcanic thermal anomalies in near-real time, releasing information, such as location and emitted spectral radiance, as well as time for both persistent and sporadically active volcanoes [14]. Currently, MODVOLC is used to monitor volcanoes around the world, and it is utilized as a complementary tool in several volcanic observatories [15]. Labazuy et al. [16] introduced a new system, HVOS (HotVolc Observing System), based on a SEVIRI sensor (Meteosat Second Generation satellite), which provides images every 15 minutes and allows researchers to determinate metrical (ash cloud top height) and positional (location of ash plume) parameters of ash plumes in near-real time. Gouhier et al. [17] presented an update of HVOS, currently named HOTVOLC, which added images from MTSAT and GOES satellites. The HOTVOLC system allows researchers to monitor effusive activity, providing quantitative information such as lava flow volumes and discharge rates. A new algorithm for a satellite image-based monitoring system is MIROVA (Middle InfraRed Observation of Volcanic Activity), in which hot-spot detection is carried out using MODIS satellite images [18]. The system combines qualitative and quantitative characteristics, such as variations in thermal output related to volcanic activity. This helps researchers identify, estimate, and track the discharge of lava flows and their discharge rates and to determine the cooling process of lava bodies. A common characteristic of these systems is the use of high temporal-resolution (several images per day) but low spatial-resolution (pixel size >1 km) images. MOUNTS (Monitoring Unrest from Space), the most recent platform, is based on a multi-satellite processing system using Sentinel-1 (SAR), Sentinel-2 and Sentinel-5P (TROPOMI) data. MOUNTS combines Sentinel satellite data, as well as seismic information from GEOFON and an earthquake catalog available from the global network of the US Geological Survey (USGS), all processed with artificial intelligence. The parameters obtained are ground deformation, heat anomalies, SO2 emission rates, and local seismicity [9]. Vhub (http://vhub.org; [19]), an online system, is a platform created with the objective to produce collaborative work in volcanology. It has several purposes, such as code development, field research, education and hazard mitigation, also host processing codes for satellite images (e.g., Ozone Monitoring Instrument - OMI).



Single satellites have also been used for decades for volcanic monitoring, not necessarily based on automated and online systems. One of the most successful satellites used for volcanic surveillance corresponds to the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER). Characterized by its high spatial resolution, ASTER has been widely used to study crater lake dynamics [20], pre-eruptive and eruptive processes [21,22], and combined with MODIS, in order to better detect thermal anomalies [23,24], amongst other applications. Another satellite system able to detect volcanic activity with high spatial resolution is the Landsat platform (e.g., [25,26,27]), which has a wide inventory of images taken since 1972, as well as images of currently active volcanoes. Access is free and images are downloadable from https://earthexplorer.usgs.gov or https://www.landsatlook.usgs.gov. Landsat has four sensors aboard seven satellites corresponding to the Multispectral Scanning System (MSS), Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land Imager (OLI), with pixel sizes varying from 15 m to 120 m and bands that use visible (VIS), near-infrared (NIR), short-wave infrared (SWIR), and thermal infrared (TIR) electromagnetic spectra. The radiometric resolution varies between 8 (TM and ETM+) and 16 bits (OLI), the last is an improvement that reduces the probability of pixel saturation, and consequently, avoids the reset to zero value of the pixel. Additionally, the revisit period is 16 days for each satellite, but the image acquisition frequency has increased since April 1999 when TM and ETM+ sensors operated simultaneously. Although the TM sensor was deactivated on June 2013, the acquisition frequency remained constant, since in February 2013 the ETM+ and OLI sensors operated at the same time. Several works related with volcanic monitoring based on Landsat imagery have been carried out, mainly focused on eruptive activity [28], determine heat and mass fluxes [29], lava flows and domes dynamics [30,31,32], among others. The most recent algorithm focused on mapping of volcanic thermal anomalies, corresponding to Normalized Hotspot Indices (NHI), which is able to detect both, subtle and intense anomalies, even under cloudy/volcanic plume and daylight conditions [33].



In this work, we introduce a new volcanic monitoring platform, named Volcanic Anomalies Monitoring System (VOLCANOMS), which is a low-cost, and semiautomatic system, based on the use of Landsat TM, ETM+, and OLI images to detect permanent and/or transient thermal anomalies related to volcanic activity, using a database which is available from December 1984. This system can calculate thermal radiance, thermal anomaly area, brightness and effective temperatures, radiative fluxes, convective fluxes, and total heat and mass fluxes. In this paper, we present the physical parameters that govern the VOLCANOMS system, the software for image processing, and the online platform for data visualization. Additionally, we present data from five case studies, corresponding to the Krakatau, Stromboli, Fuego, Villarrica and Lascar volcanoes. In the cases of Villarrica and Lascar volcanoes, a detailed study is presented, combining thermal parameters with seismic data. The aim of this work is to validate the system at different volcanoes around the world, tracking and quantifying thermal parameters related to the eruptive activity of each study case.




2. Physical Parameters for Detecting and Quantifying Thermal Anomalies Using Landsat Images


2.1. Calculating Thermal Radiance


The original information received by a satellite corresponds to the spectral radiance, which is a combination of thermal radiance (radiance emitted from a volcanic anomaly), non-thermal radiance (radiance emitted from non-thermal feature), and upwelling radiance (radiance dispersed through the atmospheric column over a single surface). Spectral radiance is expressed as follows [34],


   R λ  =  τ λ   ε λ  L  (  λ , T  )  +  τ λ   ρ λ   R  λ , D   +  R  λ , U    



(1)




which can be rearranged as,


   R  λ , t h e r m a l   =  R λ  −  (   R  λ , n o n t h e r m a l   +  R  λ , U    )   



(2)




where,




	
   R λ  =   Spectral radiance recorded by a satellite in a specific wavelength    (  W /  m 2  s r μ m  )   .



	
   τ λ  =   Transmisivity or atmospheric spectral transmission coefficient



	
   ε λ  =   Spectral emissivity



	
  L  (  λ , T  )  =   Distribution Planck’s function



	
   ρ λ  =   Spectral reflectivity



	
   R  λ , D   =   Downwelling spectral radiance (radiation reflected by a surface;   W /  m 2  s r μ m  )



	
   R  λ , U   =   Upwelling spectral radiance    (   W   m 2  s r μ m    )   








The distribution Planck´s function is defined as follows,


  L  (  λ , T  )  =    c 1    π  λ 5   [   e  (  C 2  / λ T )   − 1  ]     



(3)




where:




	
T = temperature of a body surface in Kelvin (K)



	
   C 1  = 3.74 ×   10  8    W μ  m 4  /  m 2   



	
   C 2  = 1.44 ×   10  4    μ mK  



	
 λ  = wavelength   μ m  








In the case of Landsat images, the total spectral radiance captured by the sensor can be calculated from the digital number of each pixel in a specific wavelength (DNλ) using the following equation [35]:


   R λ  =  G λ  D  N λ  +  B λ   



(4)




where,




	
  G =   Band-specific rescaling gain factor    (  W /  m 2  s r μ m  )  / D N  



	
  B =   Band-specific rescaling bias factor   W /  m 2  s r μ m  








In the case of Landsat OLI, G is equivalent to ML and B to AL, corresponding to multiplicative and additive rescaling factors, respectively. An alternative option for calculating the spectral radiance is [35],


   R λ  = L M I  N λ  +  (    L M A  X λ  − L M I  N λ    D  N λ  M A X    )  D  N λ   



(5)




where,




	
  L M I  N λ  =   Spectral radiance for DN = 0 in a specific wavelength    (  W /  m 2  s r μ m  )   



	
  L M A  X λ  =   Spectral radiance for maximum DN in a specific wavelength    (  W /  m 2  s r μ m  )   



	
  D N M A X =   255 for TM and ETM+ and 65,535 for OLI








LMIN and LMAX represent the spectral radiance for each band and type of image, corresponding to the radiometric calibration coefficient available for each Landsat sensor [35]. Both radiance calculation methods are equivalent, where Bλ corresponds to LMINλ and Gλ corresponds to (LMAXλ − LMINλ)/Qcalmax − Qcalmin, where Q is the minimum quantized calibrated pixel value corresponding to LMAXλ and LMINλ, respectively [35].



The bands used to detect thermal anomalies, and consequently, the thermal radiance are bands 5, 6, and 7 in the case of Landsat TM and ETM+ and bands 6, 7, and 10 for Landsat OLI because of their capacity to detect thermal features in the infrared spectrum at temperatures that range from −134 to 440 °C [26]. In some cases, volcanic features have temperatures >500 °C, which can be detected with bands 4 and 5 for Landsat TM/ETM+ and OLI, respectively.



According to Equation (1), the total radiance captured by the sensor is also affected by downwelling and upwelling spectral radiances. However, downwelling spectral radiance does not contribute significantly to the TIR bands (6 in Landsat TM, 6.1 and 6.2 in Landsat ETM+, and 10 in OLI), whereas the upwelling spectral radiance does not affect the SWIR bands (5, 7 in TM/ETM+ and 6, 7 in OLI) [36]. Consequently, the respective equations to calculate the thermal radiances for the TIR and SWIR bands are,


   R  T I R , t h e r m a l   =  R  T I R   −  R  T I R , U    



(6)




and


   R  S W I R , t h e r m a l   =  R  S W I R   −  R  S W I R , n o t h e r m a l    



(7)








2.2. Corrections


Prior to calculating thermal radiance, several corrections need to be applied to avoid sensor noises and atmospheric effects, and to better identify thermal anomalies. These corrections are only applied to SWIR bands; the processing of TIR bands will be explained in the Section 2.5.



The first correction corresponds to the sensor noise (correcting for discrepancies in SWIR band calibrations), where 3 and 5 units in each pixel DN must be subtracted from the original pixel DN for bands 5, and 7, respectively (this is only applied to Landsat TM and ETM+ images; this is not necessary for Landsat OLI images). However, when the pixel is saturated (DN = 255), this correction is not applied because it represents the maximum energy captured by the sensor.



To better identify thermal anomalies from the background and remove solar/atmospheric effects, Oppenheimer et al. [34] established the pixel-by-pixel method. This method consists of using a single band that is not affected by the thermal anomaly, usually NIR bands, which is band 4 for Landsat TM/ETM+ and 5 for Landsat OLI. In this case, the NIR band is compared with SWIR bands affected by the thermal anomaly (bands 5 and 7 for Landsat TM/ETM+, bands 6 and 7 for Landsat OLI):


  D  N  S W I R 1 , t h e r m a l   = D  N  S W I R 1 a n o m a l o u s   − D  N  N I R a n o m a l o u s      (    D  N  S W I R 1     D  N  N I R      )    a v e r a g e n o n a n o m a l o u s    



(8)






  D  N  S W I R 2 , t h e r m a l   = D  N  S W I R 2 a n o m a l o u s   − D  N  N I R a n o m a l o u s      (    D  N  S W I R 2     D  N  N I R      )    a v e r a g e n o n a n o m a l o u s   .  



(9)







In cases where thermal anomalies are also detected in bands 4 (Landsat TM/ETM+) and 5 (Landsat OLI), the comparison must be done with bands 3 and 4 for Landsat TM/ETM+ and OLI, respectively. One of the problems with the pixel-by-pixel method is the selection of anomalous and non-anomalous pixels, which is carried out subjectively by the user according to anomalies identified from SWIR bands. Once the pixel-by-pixel method is applied, in order to avoid subjectivity, it is necessary to apply the Wooster and Rothery [37] method, where a thermal pixel threshold (all pixels related to the thermal anomaly) is calculated using the mean (μ) and standard deviation (σ) from non-thermal DN pixels using the following equation:


  D  N  t h r e s h o l d   =  μ  n o n t h e r m a l   + 3  σ  n o n t h e r m a l   .  



(10)







Consequently, once all the corrections are applied, each DN ≥ DNthreshold can be considered a thermal pixel.




2.3. Three Bands and Three Components Method


The Three Bands and Three Components Method (TBTCM) proposed by Harris et al. [38,39] allows researchers to determine a series of thermal parameters. This method is based in the premise that a fraction of a pixel is occupied by a cold crust (Pc) with a cold temperature (Tc), whereas another fraction is occupied by hot fractures, hot cracks, or fumaroles (Ph) with a hot temperature (Th). Part of the pixel, which includes the thermal fraction, is not only occupied by those two components but also a third component is present, corresponding to a portion of the pixel with no thermal anomaly (background), which covers an area Pb with a temperature Tb. All these elements can be related in a series of three equations to calculate the thermal radiance in the TIR band (bands 6 and 10 for TM/ETM+ and OLI, respectively), the integrated radiance for the SWIR1 band (bands 5 and 6 for TM/ETM+ and OLI, respectively), and the SWIR2 band (band 7 for TM/ETM+ and OLI), which are expressed as follows:


   R  T I R   =  τ  T I R    ε  T I R    [  P b L  (   λ  T I R   , T b  )  + P h L  (   λ  T I R   , T h  )  +  (  1 − P b − P h  )  L  (   λ  T I R   , T c  )   ]   



(11)






   R  S W I R 1 i n t .   =  τ  S W I R 1    ε  S W I R 1    [  P b L  (   λ  S W I R 1   , T b  )  + P h L  (   λ  S W I R 1   , T h  )  +  (  1 − P b − P h  )  L  (   λ  S W I R 1   , T c  )   ]   



(12)






   R  S W I R 2   =  τ  S W I R 2    ε  S W I R 2    [  P b L  (   λ  S W I R 2   , T b  )  + P h L  (   λ  S W I R 2   , T h  )  +  (  1 − P b − P h  )  L  (   λ  S W I R 2   , T c  )   ]   



(13)







As the background (or ambient) area Pb is the same in all bands, equation 11 can be rearranged as follows:


  P b =  [           R  T I R      τ  T I R    ε  T I R     − L  (   λ  T I R   ,  T  T I R    )  + P h L  (   λ  T I R   , T c  )  − P h L  (   λ  T I R   , T h  )        L  (   λ  T I R   ,  T b   )  − L  (   λ  T I R   ,  T c   )     ]   



(14)




where




	
   A x  =  L x   (   T b   )  −  L x   (   T c   )   



	
   B x  =  L x   (   T h   )  −  L x   (   T c   )   



	
   C x  =    R  x , t e r m a l      τ x   ε x    −  L x   (   T c   )   








To solve the series formed by Equations (11)–(13), Equation (14) replaces Equations (12) and (13). To simplify the solution of the equations, all the elements involved are expressed as follows:


     C  T I R   − P h ∗  B  T I R      A  T I R     =    C  S W I R 1   − P h ∗  B  S W I R 1      A  S W I R 1      



(15)






     C  T I R      A  T I R     − P h  (     B  T I R      A  T I R      )  =    C  S W I R 1      A  S W I R 1     − P h  (     B  S W I R 1      A  S W I R 1      )   



(16)






  P h  (     B  S W I R 1      A  S W I R 1      )  − P h  (     B  T I R      A  T I R      )  =    C  S W I R 1      A  S W I R 1     −    C  T I R      A  T I R      



(17)






  P h  (     B  S W I R 1      A  S W I R 1     −    B  T I R      A  T I R      )  =    C  S W I R 1      A  S W I R 1     −    C  T I R      A  T I R      



(18)






  P h =    C  S W I R 1   ∗  A  T I R   −  C  T I R   ∗  A  S W I R 1      A  S W I R 1   ∗  A  T I R     ∗    A  S W I R 1   ∗  A  T I R      B  S W I R 1   ∗  A  T I R   −  B  T I R   ∗  A  S W I R 1      



(19)






  P h =    C  S W I R 1   ∗  A  T I R   −  C  T I R   ∗  A  S W I R 1      B  S W I R 1   ∗  A  T I R   −  B  T I R   ∗  A  S W I R 1       /  A  T I R     /  A  T I R      



(20)






  P h =    C  S W I R 1   −  A  S W I R 1    (     C  T I R      A  T I R      )     B  S W I R 1   −  A  S W I R 1    (     B  T I R      A  T I R      )     



(21)







The term-integrated radiance of Equations (12) and (13) stems from the differences of pixel size between the TIR and SWIR bands, where one pixel of a TIR band (120 and 60 m pixel size for TM and ETM+, respectively) corresponds (is equivalent) to 16 and 4 pixels in the SWIR bands for TM and ETM+ sensors, respectively. Consequently, the most radiant pixel of the TIR band contains the most radiant pixels of the SWIR bands [38]. It is then necessary integrate the radiance of all pixels from the SWIR bands contained in one pixel of TIR band 6, which can be calculated as follows,


   R  x , i n t   =   ∑   i = 1  n   (   1 n   R  x , t h e r m a l    )   



(22)




where n is the number of pixels (SWIR bands) within one anomalous pixel of a TIR band. In the case of OLI images, the pixel size of TIR bands is 100 m, and it has no equivalence with SWIR band pixels. The procedure for applying TBTCM to OLI images is explained in Section 2.6.



Once the previous equations are solved, the thermally radiant or thermally anomalous areas (   A  l a v a   o r  A f   ) can be calculated as follows,


   A  l a v a   =  (  1 − P b  )   A  p i x e l    



(23)




where Apixel is the area (m2) occupied by the thermally anomalous pixel of the TIR band.



The effective temperature (Te) emitted by a thermally radiant body (   A  l a v a   o r  A f   ) with respect to the radiant temperature (°C) from cold crust and hot cracks (Tc and Th, respectively) in a single pixel can be expressed as follows:


   T e  =    [  f h T  h 4  +  (  1 − f h  )  T  c 4   ]    0.25    



(24)




where   f h   is the fraction occupied by the melt or hot portion of the anomaly at high temperature, which is calculated as follows:


  f h = P h /  (  P c + P h  )  .  



(25)








2.4. Heat and Mass Fluxes


The total heat flux (Qtot) emitted from a single active volcano is the sum of three types of fluxes: radiative (Qrad), convective (Qconv), and gas (Qgas) fluxes:


    Q  t o t     =  Q  r a d     +  Q  c o n v     +  Q  g a s   .   



(26)







Radiative flux (MW) is calculated as follows,


   Q  r a d   = σ ε  A f   T e 4   



(27)




where




	
 σ  = Stefan–Boltzman constant, 5.67 × 10−8 W/m2K4



	
  ε =   emissivity








The convective flux (MW) is related to magma movement in an open vent. Consequently, its value is zero when the calculations are derived from lava domes or fumarolic fields. Qconv can be calculated as follows,


   Q  c o n v   = 0.14  A f   k  a i r      (    g  α  a i r    ρ  a i r      μ  a i r    β  a i r      )     1 3       (   T e  −  T  a i r    )     4 3     



(28)




where




	
 g  = acceleration constant (m/s2)



	
   k  a i r    = thermal conductivity air (W/mK)



	
   α  a i r    = cubic expansivity air (1/K)



	
   ρ  a i r    = density air (kg/m3)



	
   μ  a i r    = viscosity air (kg/ms)



	
   β  a i r   =   thermal expansivity air (m2/s)








These parameters can be obtained using the standard thermal properties of air [40,41], whereas Tair corresponds to the ambient temperature of the air (K). The gas flux (MW) represents the heat transported by the gas phase, which cannot be estimated with TBTCM. Instead, the parameters have to be acquired in the field and calculated from the following equation,


   Q  g a s   =  F  g a s    c  g a s    (   T  m a g m a   −  T  a i r    )  +  F   H 2  O    L V   



(29)




where




	
   F  g a s   =   total flux gas (kg/s)



	
   c  g a s   =   specific heat capacity of gas (J/kgK)



	
   T  m a g m a   =   magma temperature (K)



	
   F   H 2  O   =   water flux (kg/s)



	
   L V  =   latent heat of condensation (2.26 × 106 J/kg)








The total gas (   F  g a s    ) and water (   F   H 2  O    ) fluxes can be obtained by a combination of direct and remote techniques, including direct gas sampling, MultiGas, filter pack, UV camera, or Differential Optical Absorption Spectrometer (DOAS). However, in case neither parameter is available, Harris et al. [38] proposed to calculate it using the data published by Anderson [42] and Gerlach [43] for basaltic and andesitic lavas, estimating the ratios    F  S  O 2     :   F  g a s     to be between 1:3 and 1:77, whereas    F  S  O 2    :  F   H 2  O     is from 1:1.1 to 1:72.



Heat fluxes allow researchers to estimate the heat lost at the surface of an active crater. Using those parameters, it is then possible calculate the mass flux necessary to retain the heat flux. The mass flux is calculated as follows:


  M =  [   Q  r a d   +  Q  c o n v    ]  /  [   C L  Δ f +  C  m a g m a   Δ  T  m a g m a    ]   



(30)




where




	
M = mass flux (kg/s)



	
   C L  =   latent heat crystallization (J/kg)



	
  Δ f =   crystallized mass fraction



	
   C  m a g m a     = specific heat capacity of the magma (J/kg)



	
  Δ  T  m a g m a   =   magma cooling from liquidus at the temperature of the thermal feature









2.5. Thermal Radiance, Brightness Temperature, and Radiative Flux Using TIR Bands


Blackett [27] proposed a method to isolate thermal anomalies and to determine thermal radiance, brightness temperature, and radiative flux using TIR bands from the Landsat 8 satellite (OLI sensor). Here, we present the use of the same methodology for TIR bands in all Landsat sensors (TM, ETM+, and OLI).



The spectral radiance for the TM and ETM+ TIR bands can be calculated using Equation (4), whereas for the OLI sensor, although the equation is the same, the terms used are different.


  L T O A =  M L   Q  c a l   +  A L   



(31)




where




	
   L  T O A     = top of atmosphere radiance    (  W /  m 2  s r μ m  )   



	
   M L  =   rescaling factor   ( W /  m 2  s r μ m  /DN)



	
   Q  c a l   =   pixel digital number (DN)



	
   A L  =   rescaling factor    (  W /  m 2  s r μ m  )   








To avoid differences caused by the calibration of band 10 (TIR band in OLI sensor), it is necessary to subtract 0.29 W/m2srµmto the equation from Equation (31) [27]. As mentioned above, Equation (6) allows researchers to determine the thermal radiance, which can be rewritten as follows in order to include the emissivity (ε) and transmissivity (τ):


   R  T I R , t h e r m a l   = (  R  T I R   −  R  T I R , U   ) /  (  ε × τ  )   



(32)







To isolate the thermal anomaly, Blackett [27] proposed that the thermal pixel threshold (all pixels related to the thermal anomaly) can be calculated using the mean (μ) and standard deviation (σ) from non-thermal DN pixels using the following equation:


  D  N  t h r e s h o l d   =  μ  n o n t h e r m a l   + 2  σ  n o n t h e r m a l    



(33)







Once the thermal anomaly is defined, the brightness temperature can be calculated for each thermal pixel using the inverse of the distribution Planck´s function, which is expressed as follows:


  T =    C 2    λ l n  (     C 1     L λ   λ 5    + 1  )     



(34)




where T is the brightness temperature in Kelvin (K) and λ is the central bandpass (µm) of the TIR band. The brightness temperature can be also obtained directly from the following equation:


  T =    K 2    l n  (     K 1     L λ    + 1  )     



(35)




where K1 and K2 are the thermal conversion constants, 607.76 W/m2srµm and 1260.56 K, respectively. Finally, the total radiative flux from each pixel of a TIR band can be calculated as follows:


  Q = σ ε  T 2  A  



(36)




where,




	
A = Pixel area (m2)



	
σ = Stefan–Boltzmann constant



	
ε = emissivity



	
T = brightness temperature (K)









2.6. Errors and Uncertainties


According to Gonzalez et al. [29], five error sources can be identified during the estimation of thermal radiance and the TBTCM: i) parameters used for the atmospheric correction [38]; ii) results from the surface reflectivity correction for day images [38], which can produce a maximum error of 4%; iii) pixel resampling [34], where images processed for level 1 using the nearest-neighbor method produce fewer errors than the convolution cubic method; iv) established assumed values for Tc and Th [25,34]; and v) elevated gas emission rates from a specific volcano can produce problems in the atmospheric transmission values used during the processing (Figure 1A; [44]). As the Landsat images available from the USGS are resampled for TIR bands, where the pixel size is transformed from 120, 60, and 100 m to 30 m for TM, ETM+, and OLI sensors, respectively, we resampled the TIR bands to reconstruct and standardize the pixel size for all sensors to 60 m, producing a maximum error of ±5%. This error was calculated comparing the original pixel DN from a non-resampled image with the new pixel DN generated by the resampling to standardize the pixel size. In this case, the image pairs, from the same site and the same date, were used. An additional error corresponds to the presence of black stripes in Landsat ETM+ images, which appear in images collected after May 31, 2003, caused by the Scan Line Corrector (SLC) failure (Figure 1B). Occasionally, the strips partially or completely cover the thermal anomaly, producing an underestimation or preventing calculation of the thermal parameters. The main uncertainty corresponds to the saturation and consequently to the reset of the saturated pixel, thus producing zero values (Figure 1C), resulting in lower thermal radiance values. In order to “rebuild” the original pixel, the original saturated value should be assigned for the pixel, corresponding to 255 for TM and ETM+ images and 65,536 for OLI images.





3. Volcanic Anomalies Monitoring System


3.1. Volcanic Imagery Processing Software: The Online Software Used to Process Landsat Images


VOLCANOMS was created using the open-source programming language PythonTM. In VOLCANOMS, users can interact in three different ways (three types of users, all free access; details in Section 3.3), and it can be accessed from http://volcanoms.ckelar.org. This system was initially tested with the complete Landsat database of the Lascar Volcano because it has a permanent thermal anomaly and is a good example for demonstrating how Landsat images can be a sensitive tool for detecting changes in volcanic activity.



The online software used to process the Landsat images (Volcanic Imagery Processing Software-VIPS) has a logical processing sequence (Figure 2). Landsat image processing starts with the uploading of the tar.gz file, which must be uploaded using the same codification as the USGS database (e.g., LC08_L1TP_233075_20191107_20191115_01_T1.tar.gz; SENSOR_PROCESSING LEVEL_PATHROW_ACQUISITIONDATE_UPLOADINGDATE). This file can be accessed from https://earthexplorer.usgs.gov or https://www.landsatlook.usgs.gov. The uploading of a complete Landsat scene allows the users to process any volcano available in that scene. Once the file is uploaded to or selected from the VOLCANOMS database, the software automatically decompresses the file, the bands are stacked, and the .met file is immediately read to obtain the sensor parameters. A preview of the Landsat scene can also be displayed in order to have a general overview and dismiss scenes with problems (e.g., excessive clouds). Subsequently, a workspace is opened (Figure 3), the stacked image is shown in a standard RGB false color composite (band 4-3-2; red, green, blue) combination, corresponding to NIR, red, and green (band 4-3-2 for Landsat TM and ETM+ images and band 5-4-3 for OLI images). The image can be visualized in several RGB combinations, which can be changed using the BANDS toolbar. In order to better detect the thermal anomalies, from low temperatures and small anomalies to high temperatures and large anomalies, the main combinations suggested in RGB false color composite are band 7-4-2, 5-4-2, and 7-5-4 for Landsat TM and ETM+ and band 7-5-3, 6-5-3, and 7-6-5 for Landsat OLI. The image displayed represents the largest area (a complete Landsat scene; 170 km N-S and 183 km E-W). Therefore, to process data from a specific volcano, it is necessary identify the working area and to zoom in and select the region of interest (ROI), which will represent the zone that contains the thermal anomaly and the background (the area surrounding the anomaly), corresponding to fumarolic fields, lava domes, lava flows, lava lakes, or acid lakes. The ROI can be selected manually or by entering the coordinates in the COORDINATES toolbar (Figure 3A), which are referenced to the matrix system (number of pixels in the x and y axes) and not to a geographic or UTM coordinate system. Once the ROI is set up, a subset is created in order to establish the specific area to be processed. The raw subset appears in several images, including the NIR, SWIR1, SWIR2, and TIR bands, and in three combined images in RGB, corresponding to SWIR2-NIR-Green, SWIR1-NIR-Green, and SWIR2-SWIR1-NIR (Figure 3).



In the IDENTIFY ANOMALY toolbar, the anomalous pixels must be selected according to the user criteria based on the comparison between the subset image (ROI) and the DN matrix (Figure 3B); this must be done for each band (NIR, SWIR1, SWIR2, and TIR). Once the anomalous pixel selection is done, the emissivity and transmissivity parameters must be entered to start the processing and to isolate the thermal anomaly area, which can be verified from the PARAMETERS toolbar (Figure 3D). Several volcanoes appear in the volcano list, where all thermal parameters can be accessed and can be modified manually. In the case of a single volcano that is not on the list, the thermal parameters can be added by the user. We recommend using the emissivity of a specific volcano using the ASTER 05 surface emissivity satellite image (https://search.earthdata.nasa.gov/search?fi=ASTER). The transmissivity for a single volcano can be obtained for a specific day and time using the Atmospheric Correction Parameter Calculator of NASA (https://atmcorr.gsfc.nasa.gov/). This processing retrieves the DNthreshold for each band processed according to Equation (10) (NIR and SWIR bands) and 33 (TIR band), the results of which are reported in the workspace (Figure 3). Immediately after identifying the thermal anomaly, the system automatically runs two processing sequences simultaneously for both the SWIR and TIR bands. In the case of the SWIR bands, the sequence is (Section 2.2; Figure 2) (1) sensor noise correction; (2) pixel-by-pixel method (Equations (8) and (9)) and; (3) thermal pixel threshold (atmospheric correction; Equation (10)). In the case of the TIR band, the sequence is (Section 2.5) (1) spectral radiance calculation (Equation (31)); (2) thermal radiance calculation (Equation (32)); and (3) thermal pixel threshold (Equation (33)). Both sequences allow the user to isolate the thermally anomalous pixels and to obtain the thermal radiance. To avoid including false thermal anomalous pixels, related to the presence of pixels with high reflectivity (generating DN over DNthreshold), which are normally caused by high solar radiation, the presence of abundant sulfur, and the presence of strongly altered rocks, among others, the VERIFY ANOMALY toolbar was created to deselect these pixels and to constrain the total thermal radiance. The deselecting of pixels can be done manually by the user in the available screen, where each single band and its respective processed matrix are shown (Figure 3C). After verification, the thermal radiance and the thermally anomalous area are reported in the processing screen, and the processed images (NIR, SWIR1, SWIR2, and TIR bands) with the thermally anomalous pixels isolated are also shown (Figure 3G).



Once the thermal radiance is obtained, TBTCM can be run, entering the several parameters needed to process this method and subsequently calculate the heat and mass fluxes. The parameters requested in the modal dialog (Figure 3D) are; (1) total gas flux (kg/s); (2) specific heat capacity of gas (J/kgK); (3) magma temperature (K); (4) air temperature (K); (5) H2O flux (kg/s); (6) latent heat of H2O condensation (J/kg); (7) latent crystallization heat (J/kgK); (8) crystallization mass fraction; (9) magma specific heat capacity (J/kg); and (10) magma temperature difference. As mentioned previously, the parameters can be fixed for a specific volcano and modified manually. The use of the TBTCM toolbar corresponds to a sequence that includes the extraction of the DNnon thermal pixels from Equation (10) for the SWIR1 and SWIR2 bands and from Equation (33) for the TIR band and then calculating the non-thermal radiance using Equations (4) and (31). Integrated radiance is calculated from the thermal radiance calculated previously by each thermally anomalous pixel using Equation (22). Calculating Equations (11)–(13) (Section 2.3) allows the user to determine all the variables involved in TBTCM, including the background, cold, and hot temperatures (Tb, Tc, and Th, respectively) and the background, cold, and hot portions (Pb, Pc, and Ph, respectively; Figure 2). The flow area is then calculated, corresponding to the thermally radiant or thermally anomalous areas (Alava or Af; Equation (23)), effective temperature (Te; Equation (24)), and the fraction occupied by melt or hot portions of the anomaly at high temperatures (fh; Equation (25); Figure 2). A new modal dialog appears in order to show the results related to the automatic iteration to solve Equations (11)–(13) (Figure 3F). A manual iteration can be done by the user, changing the variables corresponding to cold and hot temperatures (Tc and Th, respectively), which makes it possible to fix the minimum and maximum values for both variables (Figure 3F). To verify that the manual iteration is correctly done, the ratio phSWIR2/phSWIR1 is reported, which must be ~1 because the hot area in both SWIR bands occupies the same portion. The flow area and effective temperature are also reported (Figure 3F). By applying TBTCM, VIPS automatically retrieves the heat and mass fluxes and calculates the SWIR radiative, convective, gas, total heat, and mass fluxes (Equations (26)–(30), respectively) and the brightness temperature and radiative flux for the TIR band (Equations (34) and (35); Figure 2). In cases of thermal anomalies related to lava domes or fumarolic fields, convective flux cannot be calculated as the convective flux is related to magma movement in an open vent. Consequently, in the PARAMETRS results modal dialog, a box is available to activate the option to not calculate the convective flux (Figure 3D).



The workspace has an option to report problems related to the original raw satellite image, external factors, or processing routine, which include excessive clouds over the anomaly, excessive volcanic gas over the anomaly, and black strips over the thermal anomaly in the ETM+ sensor, among others (Figure 3E). The final results toolbar produces a report with the values obtained from the entire process described previously (Supplementary Material PDF file S1): (1) Pre-processing information, corresponding to a basic information related to the metadata; (2) parameters, details about the physical parameters used for processing data, including default and manually entered data; (3) raw data, which includes the original images from the ROI and its surrounding area and the ROI shown for single bands (NIR, SWIR1, SWIR2, and TIR) and three RGB combined images (SWIR2-SWIR1-NIR; SWIR2-NIR-Green; SWIR1-NIR-Green); (4) thermal radiance, showing a table with the thermal radiance (W/m2srµm) of NIR, SWIR1, SWIR2, and TIR bands and their processed images (thermally anomalous pixels); (5) thermal parameters for the TIR band, including a table with the brightness temperature (K), radiative flux (MW), and its processed images (thermally anomalous pixels); and (6) TBTCM. This section shows the results of the thermally radiant area, effective temperature, radiative, convective, gas and total heat fluxes, and mass flux.




3.2. The Online Platform


VOLCANOMS is a public platform where data related to thermal anomalies from several volcanoes are reported. The Home Page shows a map of the world, where active volcanoes in the VOLCANOMS database are shown (Figure 4A). According to the type of activity, active volcanoes (including fumarolic, lava lake, acid lakes, lava domes, and flows) and unrest/ongoing eruption volcanoes can be identified in this map by different icons. Each volcano has an informative window where information of the volcano type, its geographic coordinates, type of activity, summit altitude, edifice height, and the volcano number from the Global Volcanism Program are presented (Figure 4A). From this window or from the browser, a specific volcano can be accessed with the complete database of the images processed using VIPS. This information; includes (1) Geological and historical eruptive information (Figure 4B); (2) location map (Figure 4B); (3) photo gallery (Figure 4B); (4) raw and processed images from the ROI (Figure 4C,D); (5) a series of graphs with information of thermal radiances, thermal anomaly areas, effective and brightness temperatures, and radiative, convective, gas, total heat, and mass fluxes (Figure 4E); and (6) a table with the complete database, which includes all the thermal parameters (Figure 4F). The images presented are the most recently available/processed image, whereas the graphs and the database table show the historical data, from 1984 until present. However, a specific period or date can also show interactive graphs using an interactive brush or searching directly from the database table (by use of the interactive calendar). The report (free access) for a specific date can be downloaded directly from the database table (Supplementary Material PDF file S1).




3.3. Accessibility


VOLCANOMS is available for three type of users, with different levels of accessibility: (1) a non-specialist audience, i.e., users with free access to the online platform who are able to interact with the public data and download the public reports. (2) Standard VIPS users, who are authorized to upload Landsat images, process data using online VIPS, and generate a report for a specific volcano; however, this information is not added to the VOLCANOMS database. This user is authorized via online request after registration in the VIPS section. (3) Professional VIPS users, who can upload Landsat images, process data, generate reports for existing volcanoes in the VOLCANOMS database, and/or contribute to the results for a new volcano, which are added to the database. Professional users are authorized after a training process for VIPS software and the VOLCANOMS platform, which can be requested after registration in the VIPS section. This type of user includes researchers from universities and research centers and/or personnel from volcanic observatories.





4. Volcanic Monitoring Using VOLCANOMS


4.1. Krakatau Volcano


Krakatau Volcano (155 m asl.; 6°6′7.2″S/105°25′22.8″W) is part of an ancient 7-km-wide caldera, which emitted several eruptive products with compositions that vary from basalts to dacites [45]. The 1883 catastrophic eruption destroyed the original Krakatau island, which rebuilt a new volcano (so-called Anak Krakatau), erupting several times since 1927. On December 2018 a catastrophic eruption produced the collapse of the Anak Krakatau volcanic edifice, activity that was preceded by the emission of several lava flows during the previous months. In this section we explore the correspondence between the thermal activity with the eruptive cycle between June 2018 and January 2019, using a database of 31 Landsat ETM+ and OLI images.



In mid-June 2018, a renewed activity started at Krakatau Volcano after 15 months of quiescence, with the emission of ash columns, Strombolian activity and increasing of seismicity, which remained almost constant until December 2018 [46]. This activity was accompanied by the emission of several lava flows since July 2018 and lasting up to December 2018 [46]. On December 22, 2018, effusive and explosive activity was followed by the partial collapse of the Anak Krakatau edifice, producing a tsunami that hit the coasts of Sumatra and Java [47]. After collapse, the eruptive activity continued with several Surtseyan explosions [47]. The first image available for this eruptive cycle was on June 3, 2018, showing no anomalies both in SWIR1 and SWIR 2 bands (Figure 5A,B). The first anomaly during this cycle was detected on June 19, 2018, with radiances of 192 and 122 W/m2srµm for SWIR1, and SWIR 2, respectively. This anomaly seems to be related to the Strombolian activity initiated in mid-June 2018. After of a couple images where Krakatau was covered by clouds, steam and ash, the first lava flow was observed on 13 July 2018, where radiance was only measured for SWIR2 (484 W/m2srµm), due to the presence of clouds over the volcanic edifice. These clouds could be causing underestimation of the radiance and preventing detection of the anomaly for SWIR1. Lava flows were also observed on August 30 and September 15, 2018, with values of thermal radiance of 2218 and 2050 W/m2srµm (for SWIR1 and SWIR2) and, 2267 and 2396 W/m2srµm (for SWIR1 and SWIR2), respectively. The peak of the thermal activity was reached on October 1, 2018, when a new lava flow was detected, with measured thermal radiances of 5195 and 5639 W/m2srµm for SWIR1, and SWIR2, respectively (Figure 5A,B and Figure 6). The subsequent activity was characterized by diminishing of the thermal radiance, probably related to the emission of short-lived lava flows and/or cooling of those flows. A renewed increasing of the thermal radiance was observed on 20 December 2018, only two days before the collapse; increasing could be related to the intense explosive activity and/or the emission of a lava flow. Most of the following images present clouds that cover the Krakatau Volcano, except on 13 and 29 January 2019, where no anomalies were detected, thereby corresponding to the days where no eruptive activity was observed [47].




4.2. Stromboli Volcano


Stromboli (924 m asl.; 38°47′20.4″S/15°12′46.8″W) is the northeastern most volcano of the Aeolian Islands, Italy. Stromboli has been active since at least 13 ka and emitted eruptive products that vary from high-K calcalkaline basalts to andesites and trachyandesites [48]. The historical eruptive activity is characterized by frequently minor strombolian eruptions, emission of lava flows and sporadic paroxysmal eruptions [49]. The most recent eruptive activity occurred between July and August 2019, when pyroclastic flows and lava flows were emitted. We have used 30 Landsat ETM+ and OLI images between June and September 2019 to correlate the thermal radiance with the eruptive activity.



During the period between March and early June 2019, the eruptive activity of Stromboli Volcano was characterized by the occurrence of the typical low energy Strombolian eruptions [50]. On 25 June 2019, a high energy explosion and a lava flow were recorded, and on 3 July 2019, a powerful explosion generated a 9.1 km height ash column, which collapsed and produced a pyroclastic flow [50]. This activity was followed by the emission of several lava flows during almost seven weeks, which were frequently accompanied by low energy Strombolian explosions, and completed with a strong explosion, which produced pyroclastic and lava flows [50]. After this eruption, the activity returned to the typical low energy strombolian explosions. On 5 June 2019, the thermal radiance measured was relatively low (35 and 54 W/m2srµm for SWIR1 and SWIR2, respectively) and increased progressively during June 2019, which is correlated directly with the increasing of the eruptive activity and the emission of lava flows in late-June (Figure 5C,D). The thermal radiance still increased after the eruption on 3 July 2019, which is directly related to the emission of several lava flows during July and August (Figure 6). In fact, during this period the thermal radiance reached its higher values, corresponding to 1974 W/m2srµm for SWIR1 on 8 August 2019, and 2174 W/m2srµm for SWIR2 on 23 July 2019 (Figure 5A,B). In the period between late-August and late-September, all images were covered by clouds, and consequently, the eruptive activity cannot be tracked, especially after the eruption on 28 August 2019. However, the only image available for this period, from 25 September 2019, shows low values of thermal radiance (98 and 644 W/m2srµm for SWIR1, and SWIR 2, respectively; Figure 5A,B), which correlates with the diminishing of the eruptive activity.




4.3. Fuego Volcano


Fuego Volcano, which is located in Guatemala (3763 m asl.; 14°28′22.8″S/90°52′48″W), corresponds to a composite stratovolcano that is part of the Fuego-Meseta-Acatenango complex. This complex has been active since at least 230 ka, and has emitted mainly basaltic-to-andesitic eruptive products [51,52]. Historical eruptive activity has only been recorded at Acatenango and Fuego volcanoes, twice in the case of Acatenango (1924–27 and 1972), whereas Fuego has erupted more than 60 times between 1524 and present, characterized by the emission of lava and pyroclastic flows, and lahars [52]. During the first half of 2018, intense eruptive activity was recorded on Fuego Volcano, including lava flows, ash plumes, lahars and pyroclastic flows, the last producing more than 100 fatalities on 3 June [53]. 22 Landsat ETM+ and OLI images were used to track the eruptive activity on Fuego Volcano for the period January–June 2018.



The eruptive activity of Fuego Volcano during 2018 started with the emission of several lava flows, emission of ash plumes and pyroclastic flows between 31 January and 1 February 2018 [53]. During April and May several ash explosions and lahars were recorded, and from 14 April 2018 until late-May, lava flows were also observed [53]. A few days before the paroxysmal eruption on 3–5 June 2018, an explosion that generated a column of 15.2 km and several pyroclastic flows, the thermal activity recorded by MODIS decreased drastically, and during June 2018, several minor ash explosions and lahars were recorded [53]. The thermal anomaly during January 2018 presented relatively high values, reaching up to 727 and 976 W/m2srµm for SWIR1, and SWIR 2, respectively (Figure 5E,F), which is explained by the occurrence of several ash explosions, ash flows and minor pyroclastic flows. The thermal anomaly reached extremely high values on 1 February 2018 (6980 and 7824 W/m2srµm for SWIR1, and SWIR 2, respectively; Figure 5E,F), corresponding to the emission of four lava flows and pyroclastic flows between 31 January and 1 February 2018 (Figure 6; [53]). Between February and May 2018, a high variability of the thermal radiance is observed (8-1687 and 80-2591 W/m2srµm for SWIR1, and SWIR 2, respectively; Figure 5E,F), which could be related to the variable activity, including minor ash explosions and lava flows. In fact, the higher radiances on May 8, 2018 are concordant with the period when several lava flows were emitted [53]. A few days before of the paroxysm on 3–5 June 2018, the thermal radiance decreased, reaching up to 124 and 563 W/m2srµm for SWIR1, and SWIR 2, respectively (24 May 2018; Figure 5E,F). During June 2018, several images were covered by clouds, making it impossible to track the thermal activity immediately after the paroxysm. However, the last image on 25 June 2018, where no thermal anomalies were detected, is concordant with the decreasing of eruptive activity, characterized by sporadic minor ash explosions [53].




4.4. Villarrica Volcano


Villarrica Volcano (2847 m asl.; 39°25′12.36″S/71°56′22.92″W) is the most active volcano in Chile and is located in the Southern Andean Volcanic Zone (SAVZ). Villarrica is a composite stratovolcano, which has evolved in three eruptive stages, from the collapse of a caldera (Villarrica 1; 100–14 ka) to the building of the current composite cone (Villarrica 2 and 3; 14 ka–present) [54]. Since 1558, at least 49 eruptions have been recorded, corresponding to hawaiian, strombolian, phreatomagmatic and vulcanian eruptions, which have emitted lava and pyroclastic flows and frequently produced lahars [55]. The last eruptive activity was recorded on 3 March 2015, a short-lived hawaiian eruption, which produced several lahars. Here, we present a time-series that includes 113 Landsat ETM+ and OLI images, for a period between March 2014 and February 2018, which covers the quiescence period before the eruption and the lava lake dynamics after this activity.



The activity of the Villarrica Volcano during 2014 was characterized by the very sporadic presence of the lava lake inside of the summit crater [56]. On 9–12 December 2014, the first eruptive activity for more than one year was recorded, corresponding to small gas explosions and the presence of the lava lake [56]. On 4 February 2015, a first minor Strombolian explosion was observed, which continued on 5, 6, 9 and 10 February 2015, with a high frequency of minor Strombolian explosions, and on 28 February 2015, stronger Strombolian explosions occurred [56]. The main eruptive activity occurred on 3 March 2015, when a lava fountain (Hawaiian eruption) of 1.5 km height was emitted, which produced several lahars. Almost immediately after the eruption, the vent was obstructed by a spatter cone, but then was destroyed and reopened few days after, being the lava lake exposed, which had a temperature that reached up to 1000 °C [56]. During April 2015, the activity was characterized by several Strombolian explosions and the emission of ash plumes, whereas the building and destruction of a spatter cone inside the active crater occurred. The eruptive activity decreased during May and June 2015, occurring minor and very sporadic Strombolian explosion, whereas the lava lake temperature decreased up to 850 °C [56]. After a relative long period without relevant activity, on 20 October 2016 an ash plume of 3.7 km height was emitted, followed by the variations of the lava lake level, formation and collapse of a spatter cone inside the active crater and the occurrence of minor Strombolian explosions, activity that lasted up to late-May 2017 [57]. Since June 2017 the activity starts to decrease progressively, the lava lake level also decreases, occasionally not observable from the crater rim. On November 2017, were observed minor explosions, but in December, the volcano return to the previous quiescent state, which lasted up to February 2018 [58].



To better understand the thermal activity between March 2014 and February 2018, we compared our data with the seismic information from the Geological and Mining National Survey of Chile (SERNAGEOMIN). The thermal radiance from March to early-December 2014 was relative constant (23–81 and 0–127 W/m2srµm for SWIR1, and SWIR2, respectively), which increased shortly between 11 December 2014 and 4 January 2015 (up to 106 and 187 W/m2srµm for SWIR1, and SWIR2, respectively), returning to low radiances until 28 January 2015 (Figure 7A,B). Low radiances are directly related to the quiescence period and the low level of the lava lake, whilst the short increases in radiance are coincident, with increasing levels of the lava lake and the occurrence of the small gas explosions. The seismic activity during 2014 was characterized by the near absence of volcano-tectonic (VT) earthquakes (up to 5 earthquakes/month on March 2014) but abundant long-period (LP) seismicity, which increased rapidly on July 2014, reaching a peak on September 2014, with a rate of 12,112 earthquakes/month, which lasted up to January 2015 (Figure 7C,D). We interpreted this activity as the progressive magma uprising to the surface (LP seismicity), which produced the first gas explosions on December 2014, the renewed presence of the lava lake and the increasing of the thermal anomaly. On February 5, 2015 the thermal radiance increased rapidly, reaching a peak on 6 February 2015 (757 and 381 W/m2srµm for SWIR1, and SWIR2, respectively; Figure 6) and then decreased again during February 2015 (Figure 7A,B). The eruptive activity on February 2015 was characterized by the occurrence of several Strombolian explosions, which could explain the increase in thermal activity. However, the LP seismicity decreased up to 4560 earthquakes/month, whereas the VT seismicity was not detected. After the paroxysm on 3 March 2015, the thermal anomalies increased rapidly, reaching the highest radiance on 5 May 2015 (1191 and 699 W/m2srµm for SWIR1 and SWIR2, respectively; Figure 7A,B), which is coincident with the highest temperature measured in the lava lake and the highest LP seismicity rate (13,176 earthquakes/month; Figure 7D). Between mid-April and mid-May 2015, Delgado et al. [59] detected a persistent uplift signal located 5 km SE from the crater, 4.2 km below sea level, with maximum amplitudes between 4 and 6 cm. Those authors suggested two mechanisms for that deformation: (i) a refilling of the Villarrica magma chamber after the area was evacuated by the eruption; or (ii) a pressurization of the magma chamber, caused by devolatilization, driven by the expulsion of magma in the eruption. The first mechanism is consistent with the presence of the lava lake during its highest level of activity, and consequently the highest thermal radiance for the period studied. Since June 2015, the thermal radiances start to decrease, reaching the lowest thermal radiances on 16 June 2016 (17 and 49 W/m2srµm for SWIR1, and SWIR2, respectively; Figure 7A,B), which correlates with the decreasing of the frequency and magnitude of the Strombolian explosions, and the decreasing of the temperature of the lava lake. The LP seismicity remained more or less constant, whereas VT seismicity increased for several months, reaching a peak in April 2016, with 325 earthquakes/month (Figure 7C). The thermal anomaly increased rapidly again on October 6, 2016 (1061 and 634 W/m2srµm for SWIR1, and SWIR2, respectively; Figure 7A,B), but started to decrease almost immediately, reaching its lowest values on January 2018, when thermal radiances were 0 W/m2srµm for SWIR1 and SWIR2 (Figure 7A,B). This period was characterized by the emission of a 3.7 km height ash plume on 20 October 2016 and discrete occurrence of minor Strombolian explosions. LP seismicity remained constant, with an increase to over 10000 earthquakes/month in December 2017 and February 2018 (Figure 7D), whereas VT seismicity showed two peaks on April 2017 and December 2017 (498 and 259 earthquakes/month, respectively; Figure 7C).




4.5. Lascar Volcano


The Lascar Volcano, which is located in northern Chile (5,592 m asl.; 23°21′35.38″S/67°43′57.23″W), is considered the most active volcano in the Central Andean Volcanic Zone (CAVZ) and its evolution has been summarized in four stages [60]. Lascar 1 (240–110 ka), Lascar 2 (100–19.22 ka), the biggest eruption occurred in this stage (Soncor plinian eruption; 10–15 km3 volume; 26.45 ka; [61]). Lascar 3 (19.2–9.25 ka) and Lascar 4 (7.1 ka–present). Since 1848, there have been records of degassing and eruptive activity [62], which can be summarized as seven phreatomagmatic-to-vulcanian eruptions up to 1984, when a thermal anomaly was detected by a Landsat TM sensor [63,64]. Afterwards, a dome growth-and-collapse cycle occurred between 1984 (an uncertain date due unavailability of field data) and 1993, when three domes were emitted and 16 eruptions were recorded, which were characterized as phreatomagmatic and vulcanian eruptions. On 19–20 April 1993, the largest eruption during historical times was recorded, a subplinian eruption, which produced an eruptive column 23 km high and pyroclastic flows up to 8 km in length; it also emitted 0.1 km3 of magma [65]. Between 1994 and 2015, 13 phreatic-to-vulcanian eruptions were recorded, related to a constant degassing period. Here, we present the thermal activity of Lascar volcano, which database includes 854 Landsat TM, ETM+, and OLI images for a period between December 1984 and February 2020, thus covering 35 years of activity.



According to over 35 years of monitoring data from VOLCANOMS, it is possible to distinguish four phases of thermal activity, which are in good agreement with the eruptive and degassing activity. These Phases are (1) Phase 1: December 1984–December 1993; (2) Phase 2: January 1994–June 2007; (3) Phase 3: July 2007–March 2013; and (4) Phase 4: April 2013–present (Figure 8).



In Phase 1 (Figure 8), the thermal radiance parameter responses with high values when the dome growth-and-collapse cycle occurs. During this phase, the highest thermal radiance values in the 35 years of Lascar Volcano monitoring were detected, which are related to growth of the lava dome and the period immediately after the destruction of the collapsed dome, which produced the opening of the active crater. The highest thermal radiance reached up to 673 W/m2srµm for SWIR1 on 28 July 1988, and 614 W/m2srµm for SWIR2 in 20 May 1989. In both cases, the lava dome was present. However, a decrease in thermal radiance frequently precedes major eruptions (vulcanian eruptions with eruptive columns >8 km); it may also be related to the cooling, subsidence, and collapse of lava domes. Matthews et al. [65] defined four dome growth-and-collapse cycles based in records of eruptive activity and field observations. Despite the concordance between these cycles and our satellite data, the latter can be used to better define it. Cycle 2 is the period that best responds to changes in the thermal radiance. Matthews et al. [65] did not specify a starting date for cycle 2, but the authors did indicate as the first evidence of this new cycle the presence of a lava dome between February and April 1989 (200 m diameter; 50 m height; 1.5 × 106 m3). Our satellite data showed a relatively sustained increase in thermal radiance at least since October 1987, reaching its first peak on 28 July 1988 (672 and 550 W/m2srµm for the SWIR1, and SWIR2 bands, respectively; Figure 9A,B). We correlated the increase of the thermal radiance with the uprising of the lava dome in the Lascar feeder system, which started at least in October 1987. This is consistent with the field observations of Oppenheimer et al. [34], who confirmed the absence of a lava dome in January and April 1987. In the case of the thermal radiance peak, this agrees with observations of the emplacement of a lava dome in the active conduit between 13 and 15 July 1988 [62,66]. The thermal radiance decreased progressively until 9 March 1989 (0 and 129 W/m2srµm for SWIR1, and SWIR2, respectively) and then increased again, reaching a second peak on 20 May 1989 (645 and 614 W/m2srµm for SWIR1, and SWIR2, respectively; Figure 9A,B). This variability seems to be initially related to the cooling of the lava dome and/or the inhibition of the degassing because of lava dome subsidence, and the subsequent introduction of a new supply of magma into the conduit system, resulting in increased thermal energy. The input of new magma is consistent with the growth of a lava dome observed at late March–early April 1989, which was accompanied by rumbling, local earthquakes, and night glow over the crater [67,68]. The maximum growth of the lava dome was reached in May 1989. Following this activity, the thermal radiance started to decrease again up to 19 October 1989 (132 and 149 W/m2srµm for SWIR1, and SWIR2, respectively; Figure 9A,B) before increasing until 14 December 1989 (283 and 342 W/m2srµm for SWIR1 and SWIR2, respectively; Figure 6) and 22 December 1989 (306 and 316 W/m2srµm for SWIR1, and SWIR2, respectively; Figure 9A,B). The first part is related to the cooling and moderate subsidence of the lava dome, as observed on 10 October 1989 [62,69,70], whereas the last part is related to the input of a small amount of new magma in the southern edge of the dome, which was accompanied by strong steam explosions on 17 and 21 December, generating columns up to 2 km high over the crater [62]. After this explosive activity, a dramatic decrease of thermal activity was observed, reaching the lowest thermal radiance values, 0 and 17 W/m2srµm for the SWIR1 and SWIR2 bands, respectively, on 7 January 1990, and 0 W/m2srµm for the SWIR1 and SWIR2 bands on 23 January 1990 (Figure 9A,B). On 20 February 1990, a major vulcanian eruption occurred (eruptive column of 8–14 km), almost completely destroying the lava dome. Four days after the eruption, the thermal radiance increased significantly, reaching values of 409 and 363 W/m2srµm for the SWIR1 and SWIR2 bands, respectively (Figure 9A,B). The decrease of the thermal radiance previous to the vulcanian eruption seems to be related to fast subsidence of the dome and the almost complete inhibition of degassing, whereas the recovery of high thermal radiance values is related to the re-opening of the active crater and resumption of the intense degassing. Oppenheimer et al. [34], Wooster and Rothery [37], and Wooster [71] also reported diminished thermal radiance prior to explosive eruptions in the Lascar Volcano for the same period. Matthews et al. [65] provided a dome collapse model that allows us to correlate it with the fast decrease of the thermal radiance prior to the vulcanian eruptions. The subsidence of the lava dome inhibits degassing because subsidence closes the inward-dipping fracture system, increasing the magma pressure. An additional increase of internal pressure is produced by precipitation of hydrothermal minerals along this fracture system, reducing the gas flow to the surface. The increasing internal pressure finally triggers a major vulcanian eruption. The diminished gas flow to the surface, combined with cooling and subsidence of the lava dome, reduces the thermal energy released to the surface and decreases the thermal anomaly area, which could reach zero in both cases.



Phase 2 (January 1994–June 2007; Figure 8) corresponds to the period immediately after the third and last dome growth-and-collapse cycle, which ended after the 17 December 1993, vulcanian eruption (eruptive column 10 km in height), when the last lava dome was destroyed. After this eruption, the eruptive behavior of the Lascar Volcano became less coherent; no lava dome was recognized and several phreatomagmatic-to-vulcanian eruptions occurred (12 explosions were recorded during this phase), which emitted eruptive columns between 2.5 and 11 km in height (e.g., [65,72,73,74]). The thermal radiance decreased substantially during this phase, reaching zero several times for the SWIR1 and SWIR2 bands, whereas maximum radiance values were detected on June 26, 2006, for the SWIR1 band (347 W/m2srµm) and on 28 October 1998, for the SWIR2 band (367 W/m2srµm). Although, no lava domes were observed during this phase, similar behavior to the thermal radiance described in the 20 February 1990, eruption was observed in the period between April 1999 and September 2000 (Figure 9A,B). Since at least April 1999, the thermal radiance started to increase progressively after 6 months of low radiance in both the SWIR1 and SWIR2 bands. The increase in thermal radiance values was relatively constant until March 2000. After that, the radiance started to decrease (Figure 9A,B). On 20 July 2000, a new, short-lived vulcanian eruption was recorded, generating an eruptive column 11 km high [72]. Local witnesses observed decreased degassing since May 2000, which corresponds with the diminishing thermal anomaly (Figure 7B). Very low radiances were measured after the eruption until early September 2000, when the thermal anomaly increased over several months (Figure 9A,B). We interpreted this behavior to be a response to the temporal inhibition of the degassing in the active crater as a consequence of the continuous subsidence of the crater [75], diminishing the thermal anomaly.



Phase 3 (Figure 8), between July 2007 and March 2013, can be characterized as a quiet phase according to the volcanic activity; no eruptions were recorded. This is in accordance with the very low radiance values measured during this period, being zero in most of the images processed. The maximum radiance values measured were 45 W/m2srµm (6 March 2011) and 79 W/m2srµm (26 October 2009) for the SWIR1, and SWIR2 bands, respectively.



Phase 4 (April 2013–February 2020; Figure 8) is characterized by renewed thermal activity and few eruptions. The thermal activity presented cyclic behavior, characterized by a fast increase in the thermal radiance and then a slow decrease, reaching radiance values equal to zero in the SWIR1 and SWIR2 bands. Three cycles have been recognized during this phase: Cycle 1 between April 2013 and December 2015, cycle 2 from January 2016 to October 2018, and cycle 3, which started on November 2018 and is still ongoing (Figure 10A,B). Similarly than Villarrica Volcano, we compared our data with the seismic information from SERNAGEOMIN, which started permanent seismic monitoring of the Lascar Volcano in late 2010. The beginning of cycle 1 was preceded by a long period (5 years and 8 months) of very low thermal activity (Phase 3). However, between January and February 2012, seismic swarms (over 900 earthquakes, including VT and LP seismicity; Figure 10C,D) and pulsating gas columns were detected. Despite progressively decreasing seismic activity, a new but more restricted seismic swarm occurred in October and November 2012 (55 and 65 earthquakes, respectively), only involving VT seismicity (Figure 10C). In 2012, thermal activity remained low, with radiances of 32 and 24 W/m2srµm for the SWIR1 and SWIR2 bands, respectively, on 23 August 2012. The start of cycle 1 in April 2013 was coincident with a poor-ash-content plume emitted on April 3, 2013 [76]. The cycle rapidly reached peak thermal radiance on 28 April 2013, and 14 May 2013, for the SWIR1 (372 W/m2srµm) and SWIR2 (193 W/m2srµm) bands, respectively (Figure 10A,B). Immediately after, the thermal radiance decreased progressively, reaching zero permanently on 2 April and 18 April 2015, for the SWIR1, and SWIR2 bands, respectively (Figure 10A,B). The seismic activity during this cycle was mostly discrete, but there was a small seismic swarm in July–August 2013 (a total of 318 VT earthquakes) and increased seismic activity between November 2014 and October 2015; a peak number of 206 LP earthquakes were recorded in May 2015 (Figure 10C,D). This period of a high number of LP earthquakes finished with a phreatic eruption on October 30, 2015 (eruptive column 1.5 km high; [77,78]), only two months before of the ending of cycle 1, which coincides with the lowest radiance values for this cycle (Figure 10A,B). After the eruption, the LP seismicity decreased, with three and two earthquakes in November, and December 2015, respectively (Figure 10C,D). Cycle 2 started in January 2016, reaching peaks of thermal radiance on 22 May (183 W/m2srµm) and 3 March 2016 (190 W/m2srµm), for the SWIR1, and SWIR2 bands, respectively. Similar to cycle 1, the thermal radiance started to rapidly decrease, reaching its lowest values in February 2018 (0 W/m2srµm for SWIR1 and SWIR2; Figure 10A,B). The seismic activity was very discrete during the first half of cycle 2. However, in April 2017, renewed seismic activity started with a sustained increase in the number of LP earthquakes, which reached a peak in January 2018, with 187 LP earthquakes/month (Figure 10D). In February 2018, the number LP earthquakes decreased to 5 LP earthquakes/month, whereas in March 2018, a seismic swarm started, reaching a peak number of eruptions in July 2018, with 943 earthquakes/month and involving exclusively VT earthquakes (Figure 10C). This activity agrees with the appearance of a thermal anomaly on 10 April 2018. Although, the thermal anomaly returned to zero immediately after except in some images since July 2018 (Figure 10A,B). No eruptive activity was recorded during cycle 2. Cycle 3 started in November 2018, and its behavior was similar to that of the other two cycles, rapidly reaching peak thermal radiance (6 December 2019, 249 and 240 W/m2srµm for the SWIR1, and SWIR2 bands, respectively) and subsequently progressively descending, although zero values have not been reached yet. No eruptive activity has been recorded during cycle 3 and VT seismicity remains low, varying from 2 to 11 earthquakes/month (Figure 10C). However, since May 2018, a sustained increasing of LP seismicity has been detected, with a peak during December 2018 (168 earthquakes/month) and a subsequent rapid descent, reaching low seismicity in February 2019 (Figure 10D). A new peak of LP earthquakes was observed in November 2019, with 90 earthquakes in one month (Figure 10D).



A common pattern between these three cycles is the behavior of the thermal radiance and the increase in LP seismicity prior to the beginning of a new cycle (or end of a cycle). This pattern can provide insights about the activity in Phase 4 of the Lascar Volcano. If we consider this behavior related to deep processes, combining LP and VT seismicity could be related initially to an increase of magma and/or volatiles (LP seismicity) and rock failure related to magma movement (VT seismicity). However, only a minor portion of fluids is released to the surface, producing a discrete increase in degassing accompanied by very minor explosive activity (as observed on 3 April 2013) or not accompanied by explosive eruptions and consequently by an increase of the thermal anomaly. This behavior was clearly observed prior to cycles 1 and 3, but the seismic activity was followed immediately by a phreatic eruption, prior to cycle 2. Before the eruption on 30 October 2015, 11 months of relative intense LP seismicity was recorded, which seems to be related to the uprising of fluids to the surface, finishing with explosive activity. The absence of eruptive activity prior to the beginning of cycles 1 and 3 could be explained by the occurrence of seismic swarms (VT seismicity), which could be related to magma intrusion or increasing fluid circulation (e.g., [79]), resulting in the “failure” of an eruptive process. Gaete et al. [78] argued that explosive activity on 30 October 2015, was related to external factors (precipitation), which influenced the shallow degassing process, inhibiting degassing, resulting in overpressure of the system and consequently in a phreatic eruption. In this case, LP seismicity could be related to the overheating of meteoric fluids, circulating in the shallow parts of the volcanic conduit, which is consistent with the increased LP seismicity in the months prior to the eruption. Inhibition of the degassing explains the decreased thermal anomaly (Figure 10A,B). In the case of the periods prior to the beginning of cycles 1 and 3, if the precipitation process is considered the main factor that influences the degassing activity in the very shallow volcanic system, the occurrence of VT seismicity could be related to the reactivation of cracks and/or increasing fluids circulation. However, it is not possible to determine its sources, which would determine whether the recorded seismicity was related to deep or shallow processes, due to the lack of information related to the location and magnitude of seismicity.





5. Conclusions, Perspectives and Future Work


In this paper, we have presented a novel, low-cost, and semiautomatic system to process Landsat TM, ETM+, and OLI images to monitor volcanic activity at volcanoes that produce thermal anomalies from different styles of activity, such as lava lakes, lava flows, lava domes, fumarolic fields, and acid lakes. The Volcanic Anomalies Monitoring System (VOLCANOMS) is a public platform where several thermal parameters, including thermal radiance (for SWIR and TIR bands), anomaly area, cold crust temperature, hot crack temperature, effective temperature, TIR brightness temperature, and radiative (for SIWR and TIR bands), gas, convective, and total heat fluxes, are presented, accompanied by raw and processed images. The processing is done online using Python™-based code called Volcanic Imagery Processing System (VIPS), which follows a semiautomatic routine based on the Three Band and Three Components Method (TBTCM) proposed by Harris et al. [38,39] and the OLI-TIRS band processing method of Blackett [27]. Five volcanoes were tested using VOLCANOMS, namely Krakatau, Stromboli, Fuego, Villarrica and Lascar volcanoes, which have different eruptive styles and products emitted, including lava flows, lava domes, lava lakes and pyroclastic flows. There was a concordance between the volcanic-eruptive activity and thermal radiance, similarly in the cases where seismic information was used (Villarrica and Lascar volcanoes).



Our future work will focus on generating and extending the database for VOLCANOMS, which will initially include the Peteroa, Nevados de Chillán, Copahue, Llaima, and Chaitén volcanoes in Chile, which have permanent and sporadic thermal anomalies and several activity styles, such as crater lakes, lava domes, lava flows, open vents, and lava lakes. Subsequently, more active volcanoes from other volcanic areas will be also added. The system will be fed by the information generated from professional users from several Chilean institutions and the authors of this paper. Our main goal is to generate a local, and subsequently, worldwide network for Landsat satellite image-based volcanic monitoring in order to provide satellite surveillance of active volcanoes around the world for research centers, volcanic observatories, and educative institutions.
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Figure 1. (A) Landsat ETM+ image RGB false color composite (band 4-3-2) of the Krakatau Volcano, 9 October 2018, showing an excess of gas and stema produced by intense degasification. (B) Landsat ETM+ image RGB false color composite (band 7-5-4) of the Krakatau Volcano, 9 October 2018, showing the black stripes caused by the SLC failure. (C) Landsat OLI band 7 of the Krakatoa volcano, 4 May 2015, showing the reset (value zero) of saturated pixels in the center of active lava flow. 
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Figure 2. Flow diagram illustrating the mathematical and computing routines of the Volcanic Imagery Processing System (VIPS) software. 
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Figure 3. The Volcanic Imagery Processing System (VIPS) workspace. (A) Subset from an ROI. (B) Modal dialog to select the thermally anomalous pixels. (C) Modal dialog to verify the thermally anomalous pixels. (D) Modal dialog to enter thermal parameters. (E) Modal dialog to report problems/errors from the original image. (F) Modal dialog to verify and to iterate manually TBTCM. (G) An example of a processed band. 
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Figure 4. The Volcanic Anomalies Monitoring System (VOLCANOMS) public web page. (A) Home page and the volcano informative window. (B) Volcano general information. (C) Raw images section. (D) Processed images section. (E) Graphics section. (F) Database section. 
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Figure 5. Thermal radiance vs. date graphics, showing the most relevant volcanic activity in Krakatau (A,B), Stromboli (C,D) and Fuego (E,F) volcanoes. Red and blue upward arrows show major eruptive activity as lava flows, pyroclastic flows, among others. Red horizontal bar shows a long period of lava flows emission. Light blue horizontal bars show dates where images were covered by clouds. Zero values correspond to absence of thermal anomaly. 
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Figure 6. Krakatau Volcano: Landsat OLI image of (1 October 2018), RGB false color composite band 7-6-5 and processed SWIR2 band, respectively. Stromboli Volcano: Landsat OLI image (8 August 2019), RGB false color composite band 7-6-5 and processed SWIR2 band, respectively. Fuego Volcano: Landsat OLI image (1 February 2018), RGB false color composite band 7-6-5 and processed SWIR2 band, respectively. Villarrica Volcano: Landsat OLI image (6 February 2015), RGB false color composite band 7-6-5 and processed SWIR2 band, respectively. Lascar Volcano: Landsat TM image (14 December 1989), RGB false color composite band 7-5-4 and processed SWIR2 band, respectively. White boxes indicate the area shown in the second and third rows. 
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Figure 7. Villarrica Volcano (A) Thermal radiance of SWIR1 band vs. date for the period March 2014–February 2018. (B) Thermal radiance of SWIR2 band vs. date for the period March 2014–February 2018. (C) VT seismicity vs. date for the period March 2014–February 2018. (D) LP seismicity vs. date for the period March 2014–February 2018. The upward arrows show the occurrence of the March 3, 2015, Hawaiian eruption. 






Figure 7. Villarrica Volcano (A) Thermal radiance of SWIR1 band vs. date for the period March 2014–February 2018. (B) Thermal radiance of SWIR2 band vs. date for the period March 2014–February 2018. (C) VT seismicity vs. date for the period March 2014–February 2018. (D) LP seismicity vs. date for the period March 2014–February 2018. The upward arrows show the occurrence of the March 3, 2015, Hawaiian eruption.



[image: Remotesensing 12 01589 g007]







[image: Remotesensing 12 01589 g008 550] 





Figure 8. Lascar Volcano. Thermal radiance vs. date graphics, showing the four phases defined by the correlation between thermal radiance and volcanic activity. The a, b, and c squares indicate the periods considered in Figure 9 and Figure 10. (A) Thermal radiance of SWIR1 band. (B) Thermal radiance of SWIR2 band. 
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Figure 9. Lascar Volcano. Thermal radiance versus date graphics, showing the most relevant volcanic activity. Red and orange downward arrows show major and minor eruptive activity, respectively, whereas green upward arrows show records of lava domes. Zero values correspond to absence of thermal anomaly. (A) Thermal radiance of SWIR1 band for lava dome-and-growth cycle 2 during phase 1. (B) Thermal radiance of SWIR2 band for lava dome-and-growth cycle 2 during phase 1. (C) Thermal radiance of SWIR1 band for the period April 1999–December 2000 during phase 2. (D) Thermal radiance of SWIR2 band for the period April 1999–December 2000 during phase 2. 






Figure 9. Lascar Volcano. Thermal radiance versus date graphics, showing the most relevant volcanic activity. Red and orange downward arrows show major and minor eruptive activity, respectively, whereas green upward arrows show records of lava domes. Zero values correspond to absence of thermal anomaly. (A) Thermal radiance of SWIR1 band for lava dome-and-growth cycle 2 during phase 1. (B) Thermal radiance of SWIR2 band for lava dome-and-growth cycle 2 during phase 1. (C) Thermal radiance of SWIR1 band for the period April 1999–December 2000 during phase 2. (D) Thermal radiance of SWIR2 band for the period April 1999–December 2000 during phase 2.



[image: Remotesensing 12 01589 g009]







[image: Remotesensing 12 01589 g010 550] 





Figure 10. Lascar Volcano. (A) Thermal radiance of SWIR1 band vs. date for the period January 2012–February 2020. (B) Thermal radiance of SWIR2 band vs. date for the period January 2012–February 2020. (C) VT seismicity vs. date for the period January 2012–February 2020. (D) LP seismicity vs. date for the period January 2012–February 2020. The upper part shows phases 3 and 4, and the three cycles defined by the correlation between thermal radiance and volcanic activity in phase 4. The orange line indicates the occurrence of the 30 October 2015, phreatic eruption and the upward green arrows indicate strong gas emissions. 
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