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V ol c a ni c  C O 2 i s  wi d el y  a c k n o wl e d g e d  a s  a n  i m p ort a nt  g e o c h e mi c al  pr e c ur s or  f or  v ol c a ni c  a cti vit y;  h o w e v er, 

o bt ai ni n g  o b s er v ati o n s  t hr o u g h  r e m ot e  s e n si n g  r e m ai n s  a  c h all e n g e.  It  i s  w ell  e st a bli s h e d  t h at  v ol c a ni c  C O 2 

diff u s el y d e g a s e s d uri n g m a g m a a s c e nt, a n d t h e v ol atil e s i nt er a ct wit h t h e e c o s y st e m o n t h e s urf a c e t hr o u g h C O 2 

f e rtili z ati o n, w hi c h c a n i m pr o v e v e g et ati o n h e alt h. A n or m ali z e d diff er e n c e v e g et ati o n i n d e x ( N D VI) i s a r e m ot e 

s e n si n g m et h o d t h at q u a nti fi e s v e g et ati o n h e alt h. T hi s st u d y c o m p ar e d N D VI si g n al s fr o m L a n d s at 8, M O DI S, 

S e nti n el 2, a n d VII R S t o s oil C O 2 fl u x si g n al s fr o m 5 gr o u n d- b a s e d Et n a G a s st ati o n s o n Mt. Et n a fr o m 2 0 1 1 t o 

2 0 1 8.  D u e  t o  v ari a n c e s  i n  s e n s or  a n d  s p e ctr al  c h ar a ct eri sti c s,  t h e  N D VI  v al u e s  w er e  c ali br at e d  a cr o s s  all  4 

s e n s or s. T h e 2 n d d eri v ati v e s of N D VI a n d s oil C O 2 fl u x hi g hli g ht t h e ti m efr a m e s of t h e i n cr e a s e / d e cr e a s e c y cl e s 

of C O 2 d e g a s si n g, w hi c h i n t ur n, c orr e s p o n d t o t h e c h a n g e i n st or a g e l e v el s a s m a g m a ri s e s fr o m a n i nt er m e di at e 

c h a m b er t o a s h all o w o n e. B et w e e n 2 0 1 7 a n d 2 0 1 8, t h e 2 n d d eri v ati v e s pi k e s s h o w e d 1 6 m a g m a r e c h ar g e e v e nt s 

i n b ot h N D VI a n d s oil C O2 si g n al s. A fl a n k a n al y si s of h o m o g e n o u s tr e e s a cr o s s Mt. Et n a s h o w e d t h e s a m e 2 n d 

d eri v ati v e s pi k e p att er n f or N D VI w h e n c o m p ar e d t o i n di vi d u al Et n a G a s st ati o n s, i n di c ati n g t h at tr e e s d o n ot 

h a v e t o b e l o c at e d wit hi n 3 0 m of v ol c a n o-t e ct o ni c str u ct ur e s t o b e aff e ct e d b y diff u s el y e s c a pi n g v ol c a ni c C O 2 . 

T hi s st u d y hi g hli g ht s t h e p ot e nti al of N D VI a s a r e m ot e s e n si n g m et h o d f or m o nit ori n g v ol c a ni c C O 2 e mi s si o n s, 

p a vi n g t h e w a y f or i n n o v ati v e a p pr o a c h e s t o v ol c a ni c s ur v eill a n c e.

1. I nt r o d u cti o n

C ar b o n di o xi d e i s t h e m ai n e x s ol v e d m a g m ati c v ol atil e aft er w at er 

a n d  i n cr e a s e s  i n  C O 2 fl u x  c a n  a ct  a s  a  pr e c ur s or  t o  er u pti v e  a cti vit y; 

h o w e v er,  v ol c a ni c  C O 2 i s  dif fi c ult  t o  diff er e nti at e  fr o m  at m o s p h eri c 

s o ur c e s t hr o u g h r e m ot e s e n si n g ( Br a ntl e y a n d K o e p e ni c k, 1 9 9 5 ; B urt o n 

et  al.,  2 0 0 0 ; S y m o n d s  et al.,  2 0 0 1 ; Ai u p p a et  al., 2 0 0 7 ; Li u z z o  et  al., 

2 0 1 3 ). Er u pti o n s ar e tri g g er e d b y m a g m a m o vi n g t o w ar d s t h e s urf a c e 

fr o m d e pt h, w hi c h r el e a s e s v ol atil e s a s pr e s s ur e d e cr e a s e s (B otti n g a a n d 

J a v o y, 1 9 9 0 ; Br a ntl e y a n d K o e p e ni c k, 1 9 9 5 ; Pr o u s s e vit c h a n d S a h a gi a n, 

1 9 9 8 ; B urt o n et al., 2 0 0 0 ; G ar d n er et al., 2 0 0 0 ; S y m o n d s et al., 2 0 0 1 ; 

Ai u p p a  et  al.,  2 0 0 7 ; Li u z z o  et  al.,  2 0 1 3 ).  C O 2 i s  d e g a s s e d  e arli er 

c o m p ar e d t o ot h er v ol atil e s d u e t o it s l o w s ol u bilit y i n sili c at e m elt a n d 

i s c o m m o nl y tr a n s p ort e d t o t h e s urf a c e t hr o u g h f a ult s, s o it c a n s er v e a s 

a n e arl y w ar ni n g of v ol c a ni c a cti vit y ( F arr ar et al., 1 9 9 5 ; C hi o di ni et al., 

1 9 9 8 ; N u c ci o  a n d  P a o nit a,  2 0 0 1 ; Li u z z o  et  al.,  2 0 1 5,  2 0 2 1 ; L e wi c ki, 

2 0 2 1 ). A d diti o n all y, C O 2 d e g a s si n g i s oft e n t h e o nl y pr e c ur s or y e v e nt of 

d e e p m a g m ati c i ntr u si o n s si n c e n o or mi ni m al d ef or m ati o n si g n al s c a n 

b e o b s er v e d ( G urri eri et al., 2 0 0 8 ; Li u z z o et  al., 2 0 1 3 ; L e wi c ki et  al., 

2 0 1 9 ). Dir e ct a n d c o nti n u o u s C O 2 m e a s u r e m e nt n et w or k s o n v ol c a n o e s 

ar e  v al u a bl e  b ut  ar e  o nl y  pr e s e nt  o n  ~ 2  %  of  t h e  hi st ori c all y  a n d 

p er si st e ntl y  d e g a s si n g,  s u b a eri al  v ol c a n o e s  ( B urt o n  et  al.,  2 0 1 3 ; 

S c h w a n d n er et al., 2 0 1 7 ; Ai u p p a et al., 2 0 1 9 ). M a n y v ol c a n o e s ar e n ot 

a c c e s si bl e  f or  i n- sit u  v ol atil e  m e a s ur e m e nt s  or  f or  t h e  i n st all ati o n  of 

a ut o m ati c s e n s or s d u e t o t h eir r e m ot e l o c ati o n, h a z ar d s fr o m v ol c a ni c 

a cti vit y, c o stl y e x p e n s e s, a n d / or p oliti c al u nr e st ( H o uli é et al., 2 0 0 6 ). 

A d diti o n all y,  diff u s e  C O 2 e mi s si o n s  c a n  b e  hi g hl y  v ari a bl e  wit hi n 

s e v er al m et er s, s o st ati o n ar y, i n- sit u i n str u m e nt s ar e n ot a bl e t o d e pi ct 

t hi s a s p e ct (F er n á n d e z et al., 1 9 9 8 ; M arí n et al., 2 0 0 5 ; L e wi c ki et al., 

2 0 1 7 ; R a hill y a n d Fi s c h er, 2 0 2 1 ). B e c a u s e of t hi s, C O 2 i s p o o rl y c h ar-

a ct eri z e d f or m a n y v ol c a ni c s y st e m s, hi g hli g hti n g t h e n e e d f or alt er n a -

ti v e m et h o d s f or C O2 m o nit o ri n g.

* C orr e s p o n di n g a ut h or at: 5 0 0 0 G ulf Fr e e w a y, H o u st o n, T X 7 7 2 0 4, U S A.

E- m ail a d dr ess: n k g ui n n @ u h. e d u ( N. K. G ui n n). 

C o nt e nt s li st s a v ail a bl e at S ci e n c e Dir e ct

R e m ot e S e n si n g of E n vir o n m e nt

j o ur n al h o m e p a g e: w w w. el s e vi er. c o m/l o c at e/r s e

htt p s: / / d oi. or g / 1 0. 1 0 1 6 /j.r s e. 2 0 2 4. 1 1 4 4 0 8

R e c ei v e d 2 2 F e br u ar y 2 0 2 4; R e c ei v e d i n r e vi s e d f or m 2 9 A u g u st 2 0 2 4; A c c e pt e d 3 1 A u g u st 2 0 2 4  

R e m ot e  S e n si n g  of  E n vir o n m e nt  3 1 4  ( 2 0 2 4) 1 1 4 4 0 8  

A v ail a bl e  o nli n e  4  S e pt e m b e r  2 0 2 4  

0 0 3 4- 4 2 5 7 / ©  2 0 2 4  El s e vi e r  I n c. All  ri g ht s  a r e  r e s e r v e d, i n cl u di n g t h o s e f o r t e xt a n d  d at a  mi ni n g, AI  tr ai ni n g, a n d  si mil a r  t e c h n ol o gi e s. 

mailto:nkguinn@uh.edu
www.sciencedirect.com/science/journal/00344257
https://www.elsevier.com/locate/rse
https://doi.org/10.1016/j.rse.2024.114408
https://doi.org/10.1016/j.rse.2024.114408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rse.2024.114408&domain=pdf


Many experiments have shown a positive correlation between 
photosynthesis and atmospheric CO2 in both lab and natural settings 
(Drake et al., 1997; Curtis and Wang, 1998; LaDeau and Clark, 2001; 
Korner et al., 2005; Houlie et al., 2006; Cawse-Nicholson et al., 2018). 
The Free-Air Carbon dioxide Enrichment (FACE) studies were a series of 
short-term controlled CO2 experiments on open ecosystems with the 
purpose of understanding how vegetation will react to rising atmo
spheric CO2 levels (Ainsworth and Long, 2005; Cawse-Nicholson et al., 
2018). Although FACE studies were short-term experiments, a meta- 
analysis of 3000 studies focused on plants growing in naturally CO2 
enriched areas demonstrated that FACE experiments also reasonably 
predict multigenerational plant responses with elevated CO2 (Saban 
et al., 2019). Plant responses in volcanic and non-volcanic environments 
include increased photosynthesis and leaf starch but decreased stomatal 
conductance, leaf nitrogen content, and specific leaf area (Ainsworth 
and Long, 2005; Cawse-Nicholson et al., 2018; Saban et al., 2019). CO2 
fertilization from rising atmospheric levels accounts for 70 % of the 
current increase in global vegetation, or global greening (Saban et al., 
2019). Vegetation greenness can be assessed through a remote sensing 
approach such as a normalized difference vegetation index (NDVI) 
which acts as a proxy for vegetation health (Cawse-Nicholson et al., 
2018; Urbazaev et al., 2018). NDVI is calculated with respect to the near 
infrared (NIR) and red reflected values and ranges from 1 to 1. Typi
cally, vegetation is recognized as NDVI 0.2, and healthy forests are 
NDVI 0.6 (Hashim et al., 2019).

Exsolved volcanic CO2 escapes through the volcanic edifice at the 
summit or can seep into the soil on the volcano flanks and interact with 
the ecosystem on the surface (Allard et al., 1991; Symonds, 1998; Kern 
et al., 2017; Gurrieri et al., 2021). Trees that border faults or other high 
degassing areas are often naturally exposed to elevated CO2 (Cook et al., 
2001; Lewicki et al., 2014; Bogue et al., 2019). Many studies have noted 
that fluctuations of stable and unstable carbon isotopes as well as remote 
sensing analysis of a variety of vegetation types reflect volcanic diffuse 
degassing behavior (Pasquier-Cardin et al., 1999; Cook et al., 2001; 
Houlie et al., 2006; Evans et al., 2010; Lewicki et al., 2014; Seiler et al., 
2017, 2021; Bogue et al., 2019). Coniferous forested areas of red firs and 
lodgepole pines on Mammoth Mountain, CA were killed in 1990 by 
excessive CO2 concentrations in the soil that suffocated the roots of the 
trees (Farrar et al., 1995; Cook et al., 2001; Lewicki et al., 2007). 
Analysis of tree-ring isotopes such as 14C showed that magmatic CO2 on 
Mammoth Mountain was released through a crack in the impermeable 
layer covering a shallow volatile reservoir, formed by a magma intrusion 
rupture (Cook et al., 2001; Lewicki et al., 2014). Living trees on the 
margins of these kill zones were subjected to an additional 50 ppm of 
volcanic CO2 (Cook et al., 2001). Over the next 15 years, unstable car
bon isotopes indicated that these trees were exposed to an excess of 20 to 
70 ppm with no visible signs of decreasing health (Lewicki et al., 2014). 
At Furnas caldera, Azores, 40 living plants in the temperate forests were 
assessed through 14C and 13C to determine an excessive exposure of 63 to 
243 ppm from CO2 degassing (Pasquier-Cardin et al., 1999). On Tur
rialba Volcano, Costa Rica, Bogue et al. (2019) found evidence of 
isotopically heavy 13C in wood cores of two tropical plant species along 
a fault, indicating long-term photosynthetic incorporation of volcanic 
CO2. In the Yellowstone caldera, NDVI analysis of the Tern Lake tree kill 
area indicated that the least healthy plants emphasized the central origin 
location of hydrothermal activity almost 15 years before previously 
determined with thermal and visual imagery (Bogue et al., 2023). 
Houlie et al. (2006) demonstrated that NDVI was elevated along a linear 
feature in a rift zone prior to a fissure eruption on Mt. Etna, Sicily, Italy. 
Through tree ring widths, Seiler et al. (2017) determined that vegetation 
growing nearby the fissure eruption on Mt. Etna was minimally affected 
by climate, precipitation, or the subsequent rise in soil temperature from 
the subsurface intrusion. However, based on inconsistent 14C values in 
the tree rings (Seiler et al., 2021), it is still unknown if these vegetation 
enhancements were caused by the spatial variability in diffuse CO2 
degassing. Furthermore, Houlie et al. (2006) identified the enhanced 

NDVI two years before the eruption started, which is one of the earliest 
precursory signs and deserves further study to develop this volcanic 
monitoring technique. Other precursory signals include seismicity and 
deformation which earliest signs range from months or weeks before an 
eruption, whereas SO2 flux and infrasound increases can be measured 
days to minutes before (Acocella et al., 2023).

These remote sensing and isotopes studies highlight that plants 
respond to diffuse, volcanic CO2 degassing, often prior to eruptions or 
changes in volcanic activity, yet still contain many disadvantages. Tree 
kill areas are uncommon but emphasize the locations of harmful 
amounts of CO2 being released through the soil. The isotopic studies 
involve in-situ field collections at discrete locations, which introduces 
many spatial and physical challenges in order to accurately characterize 
diffuse CO2 degassing for a volcanic system. Additionally, the amount of 
excessive CO2 that trees can tolerate before mortality varies greatly for 
coniferous, deciduous, and tropical trees (Pasquier-Cardin et al., 1999; 
Cook et al., 2001; Houlie et al., 2006; Evans et al., 2010; Lewicki et al., 
2014; Seiler et al., 2017, 2021; Bogue et al., 2019), so further research is 
needed to understand how different types of trees will react to varying 
degrees of excessive volcanic CO2. Furthermore, the current remote 
sensing studies of vegetation surviving in volcanic environments are 
incredibly limited in scope, focus on one or two species or dying trees, or 
lack a true, ground-truth connection to CO2 flux. Volcanic CO2 influ
encing plant health quantifiable by remote sensing has only been 
implied by process of elimination. Since minimal work focuses on the 
beneficial and high frequency impacts of volcanic CO2 fertilization with 
trees, a high temporal resolution time series of CO2 flux and satellite- 
derived tree health would highlight any direct and complex relation
ships, leading to the possibility of using trees as a proxy analysis for 
diffuse CO2 degassing.

This study aims to characterize diffuse CO2 degassing using NDVI. A 
significant portion of exsolved magmatic volatiles permeates through 
soil on the forested flanks of Mt. Etna (Allard et al., 1991; Symonds, 
1998; Liuzzo et al., 2013). As volcanic activity fluctuates near a large 
population (Behncke and Neri, 2003; Burton et al., 2005; Allard et al., 
2006; Aiuppa et al., 2007; Bonaccorso et al., 2011; Liuzzo et al., 2013), 
Mt. Etna has become one of the most robustly monitored volcanoes in 
the world (Bonaccorso et al., 2011; Paonita et al., 2021). Most notably, 
the EtnaGas network consists of 16 automatic stations that were func
tioning for all or a portion of the period between 01-01-2011 and 12-31- 
2018. All network stations continuously measure soil CO2 flux, atmo
spheric temperature, atmospheric pressure, relative humidity, wind 
speed and direction, and active rainfall (Liuzzo et al., 2013). The stations 
were installed around Mt. Etna starting in 2002, close to volcano- 
tectonic structures previously characterized by strong diffuse CO2 
degassing emissions (Gurrieri et al., 2008; Liuzzo et al., 2013), several of 
which are located within homogenous forests on the upper flanks. The 
upper flanks contain both deciduous and coniferous trees, mainly Eu
ropean beech, Corsica black pine, downy oak, and holm oak (Seiler 
et al., 2017; Sciandrello et al., 2020). Homogenous forest in this case 
means a group of trees without bare ground or grass and not necessarily 
the same tree type. Over a ten-year period using the EtnaGas network, 
anomalous soil CO2 flux measurements were observed prior to almost all 
volcanic activity (Liuzzo et al., 2013; Gurrieri et al., 2021; Paonita et al., 
2021). Spaceborne estimates of NDVI for vegetation plus the multi
decadal time series of soil CO2 flux on Mt. Etna provide a unique op
portunity to develop a temporally continuous and spatially 
heterogenous model linking vegetation health and diffuse CO2 emis
sions. If a correlation can be shown on Mt. Etna, then long-term moni
toring of NDVI could be a tool to study CO2 flux through a remote 
sensing approach on other vegetated as well as un-monitored volcanoes.
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2. Methods

2.1. Soil CO2 flux

Soil CO2 flux measured by the EtnaGas stations were obtained from 
the Istituto Nazionale di Geofisica e Vulcanologia (INGV). The EtnaGas 
stations determine soil CO2 flux through an empirical relationship that 
links the mole fraction of CO2 obtained by mixing soil gas at 50 cm depth 
with air under controlled conditions (Gurrieri and Valenza, 1988) and 
soil permeability (Camarda et al., 2006a, 2006b; Liuzzo et al., 2013) by 
the equation: 

CO2 32 5 8*k0 24 *Cd 6 3*k0 6*C3
d (1) 

where co2 is the soil CO2 flux expressed in kg m 2 d 1, k is the nu
merical values of the gas permeability (35 m2 for Mt. Etna), and Cd is 
the numerical values of molar fraction of the diluted CO2 concentration. 
Hourly measurements were taken at every station at the top of each 
hour, but over the extended observation period, some stations experi
enced technical issues that resulted in occasional gaps in data, typically 
lasting no more than a few tens of days, due to sensor failures or envi
ronmental damage. During each soil CO2 flux measurement, other 
environmental variables were collected such as atmospheric tempera
ture and pressure, relative humidity, and active rainfall.

Using the same methods described in Liuzzo et al. (2013) and also 
described as follows, the soil CO2 flux data for each EtnaGas station was 
reduced and filtered to aid interpretation and comparability (Appendix 
3). The original hourly signal for each station was resampled to once a 
day by averaging the 24-h cycle and any missing days were filled in by 
linear interpolation. Moving averages were applied in order to remove 
periodic components shorter than a week. Additionally, moving aver
ages were also applied to suppress seasonal components (300 to 400 
days 1). Any filtering applied to the soil CO2 flux dataset was also 
applied to the corresponding coincident environmental observations.

2.2. Volcano-tectonic structures

Volcano-tectonic structures like faults and fissures are known to 
distribute exsolved volcanic CO2, among other volatiles, from source to 
surface (Farrar et al., 1995; Chiodini et al., 1998; De Gregorio et al., 
2002; Gurrieri et al., 2008; Liuzzo et al., 2013, 2021; Dietrich et al., 
2016; Lewicki, 2021). The Mt. Etna flanks have 5 main fault systems: 
Pernicana Faults, Ripe della Naca Faults, Timpe Faults, South Faults, and 
Ragalna Faults (Barreca et al., 2013). These fault systems dominate the 
eastern and southern portions of the flanks, whereas the north and west 
are defined by a rift zone and eruptive fissures (Barreca et al., 2013; 
Liuzzo et al., 2013). Barreca et al. (2013) provided a GIS database of 
these volcano-tectonic structures in an effort to create a geographical 
and numerical representation of faults on Mt. Etna in a digital format 
(Fig. 1a).

Once emitted onto the surface through volcano-tectonic structures, 
diffuse volcanic CO2 typically disseminates within a 10 to 30-m radius 
(Fernandez et al., 1998; Marín et al., 2005; Lewicki et al., 2017; Rahilly 
and Fischer, 2021; Bogue et al., 2023). All but one EtnaGas station on the 
flanks are located on or nearby a fault or fissure, so trees nearest the 
faults or fissures provided by Barreca et al. (2013) were assessed for 
their NDVI signal (Fig. 1b-f).

2.3. NDVI

NDVI is a dimensionless number that indicates photosynthetically 
active biomass and, therefore, vegetation health (Cawse-Nicholson 
et al., 2018), which can be seen in the visible spectrum as greenness. 
NDVI is calculated based on spectral reflectance using: 

NDVI
NIR RED
NIR RED

(2) 

The near-infrared band (NIR) and red band (RED) are the reflected 
values determined by a radiometric sensor. When vegetation is healthy, 
there are larger amounts of chlorophyll and cell structures. Chlorophyll 
reflects green wavelengths and cell structures reflect near-infrared (NIR) 
wavelengths, while predominantly absorbing red wavelengths 
(Richardson and Wiegand, 1977; Kizilgeci et al., 2021). When plants are 
unhealthy, their cell structure breaks down resulting in more absorption 
of NIR wavelengths (Richardson and Wiegand, 1977; Kizilgeci et al., 
2021); therefore, the more positive the NDVI number, the healthier the 
vegetation.

A variety of space-borne sensors and satellites were combined to 
create a relatively high temporal resolution NDVI signal using freely 
available and easily accessible data. Google Earth Engine (GEE; https: 
//code.earthengine.google.com) was used as the search and data 
collection engine for NDVI. Between 2011 and 2018, there were 4 main 
satellite sensors that passed over Mt. Etna regularly: Landsat 8, Mod
erate Resolution Imaging Spectroradiometer (MODIS), Sentinel-2, and 
the Visible Infrared Imaging Radiometer Suite (VIIRS). Metadata for 
Landsat 8, MODIS, Sentinel-2, and VIIRS are expanded upon in Table 2. 
NDVI was calculated in GEE using Eq. (2) for Landsat 8 and Sentinel-2 
after filtering all images for 0 % cloud cover between 2011 and 2018. 
MODIS and VIIRS had NDVI products already available on GEE; NDVI 
was also calculated using Eq. (2) but GEE also applied a 16-day best pixel 
threshold based on cloud cover. Any NDVI values under 0.4 were 
removed from all datasets to eliminate any effects from snow, deciduous 
trees losing their leaves in the winter, and a 16-day period of cloud 
cover. NDVI 0.4 is the typical value for moderate to dense forests with 
minimal to no bare ground (Laksono et al., 2020). Considering these 4 
different sensors, no clouds, and averaging same day collections, this 
allowed for an average NDVI sampling frequency over the 2011 to 2018 
time period of 7 3 days.

EtnaGas stations are located on the flanks of Mt. Etna at varying 
elevations, aspects, slopes, and ecosystems. The 5 highest EtnaGas sta
tions (Brunek, Ripenaca, Msm1, Albano, and Maletto) are the only ones 
located within relatively homogenous forests and not near human in
fluences such as agricultural fields, buildings, and roads (Fig. 1a). Bru
nek and Ripenaca EtnaGas stations are positioned almost on top of the 
Pernicana Fault System, Albano and Msm1 EtnaGas stations were 
installed near past eruptive fissures, and the Maletto EtnaGas station is 
not near any volcano-tectonic structures. Using these station locations as 
a geographical threshold, the NDVI was averaged either inside a 30-m 
buffer around a fault or averaged inside a polygon that encompassed 
only trees near an EtnaGas station (Fig. 1b-f). These polygons ranged in 

Table 1 
The EtnaGas station names and locations based on the numbered labels in 
Fig. 1a.

Station # Name Latitude ( N) Longitude ( E)

1 Maletto 37.793611 14.899722
2 Msm1 37.825833 14.983611
3 Albano 37.725278 14.942222
4 Brunek 37.808056 15.074167
5 Ripenaca 37.7625 15.0975
6 Passop 37.866944 15.045556
7 Roccacampana2 37.800278 15.136944
8 Fondachello 37.770556 15.216667
9 Primoti 37.701944 15.118889
10 SV1 37.696667 15.135278
11 P78 37.695278 15.143333
12 Parcoetna 37.630556 15.023056
13 3c 37.608611 15.082222
14 Agro 37.533611 14.898889
15 SML1 37.656944 14.920833
16 SML2 37.663611 14.905
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si z e t o c o m pri s e a wi d er r a n g e of tr e e s w h e n t h er e w a s n ot a si n g ul ar 

f e at ur e, li k e a f a ult, f or diff u s el y e s c a pi n g g a s. B ot h M O DI S a n d VII R S 

h a v e a l ar g e s p ati al r e s ol uti o n s o w hi c h e v er N D VI pi x el o v erl a p p e d wit h 

t h e b uff er or p ol y g o n w a s c oll e ct e d.

2. 3. 1.  M ulti-s e ns or N D VI c ali br ati o n

N D VI c a n b e aff e ct e d b y diff er e nt s e n s or a n d s p e ctr al c h ar a ct eri sti c s 

s u c h a s s e n s or g e o m etr y, vi e wi n g a n gl e, s ol ar a n gl e, at m o s p h eri c c o n -

diti o n s,  t o p o gr a p h y /r a di o m etri c / s p ati al  r e s ol uti o n  ( H ei n z el  et  al., 

2 0 0 6 ). A d diti o n all y, v ar yi n g b a n d wi dt h s f or t h e r e d a n d NI R b a n d al s o 

pl a y a r ol e ( H ei n z el et al., 2 0 0 6 ). F urt h er m or e, diff er e nt f o ot pri nt si z e s 

a cr o s s s e n s or s i n cl u d e v ari a bilit y a s l a n d c o v er c a n c h a n g e a br u ptl y. A n 

a n al y si s  of  v ari a n c e  ( A N O V A)  t e st,  w hi c h  c o m p ar e s  s e v er al  s et s  of 

Fi g. 1. a: A m a p of Mt. Et n a wit h t h e Et n a G a s st ati o n s a s c ol or e d p oi nt s (i m a g er y: 4 6 c m r e s ol uti o n M a x ar s at ellit e p h ot o gr a p h t a k e n o n 0 8- 2 9- 2 0 2 2). Gr e e n c ol or e d 

st ati o n s ar e s urr o u n d e d b y h o m o g e n o u s f or e st s a n d n ot n e ar h u m a n i n fl u e n c e s, t h e ot h er Et n a G a s st ati o n s ar e s h o w n i n gr a y. B a s e d o n t h e n u m b er e d l o c ati o n, 

T a bl e 1 e x p a n d s o n m or e Et n a G a s st ati o n d et ail s. Y ell o w a n d or a n g e li n e s ar e f a ult s a n d er u pti v e fi s s ur e s. Pi n k tri a n gl e d eli n e at e s er u pti v e s u m mit cr at er s. Bl a c k 

o utli n e i s t h e Mt. Et n a fi a n k b o u n d ar y. T h e p ur pl e p ol y g o n s i n di c at e w h er e N D VI w a s a v er a g e d a cr o s s t h e fl a n k s of Mt. Et n a. I n s et m a p s h o w s l o c ati o n of Mt. Et n a 

wit hi n It al y a n d Si cil y a s a pi n k tri a n gl e. Fi g s. 1 b t hr o u g h f ill u str at e t h e tr e e b uff er s ar o u n d e a c h st ati o n. 1 b) 3 0 m b uff er ar o u n d t h e P er ni c a n a F a ult S y st e m, 

e xt e n di n g 1 5 0 0 m e a st a n d w e st wit h t h e Br u n e k Et n a G a s st ati o n a s t h e c e nt er p oi nt. 1 c) 3 0 m b uff er al o n g t h e Ri p e d ell a N a c a F a ult s e xt e n di n g t h e cl o s e st 1 5 0 0 m t o 

t h e Ri p e n a c a Et n a G a s st ati o n. 1 d) 9 9, 0 0 0 m2 a r e a of t r e e s b et w e e n t h e M s m 1 Et n a G a s st ati o n a n d t h e cl o s e st er u pti v e fi s s ur e. 1 e) 3 0 0 m b uff er ar o u n d t h e M al ett o 

Et n a G a s st ati o n t o e n c o m p a s s o nl y tr e e s. 1f) 2 6 1, 0 0 0 m 2 a r e a e n c o m p a s si n g o nl y tr e e s n e ar e st t h e Al b a n o Et n a G a s st ati o n. I m m e di at el y s o ut h of Al b a n o w a s a n o n- 

v e g et at e d l a v a fl o w. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.)

T a bl e 2 

C h ar a ct eri sti c s of L a n d s at 8, M O DI S, S e nti n el- 2, a n d VII R S.

S at ellit e / 

s e n s or

G E E pr o d u ct S p ati al 

r e s ol uti o n

D at e flr st 

a v ail a bl e

L a n d s at 8 U S G S L a n d s at 8 C oll e cti o n 2 Ti e r 2 

T O A R e fl e ct a n c e

3 0 m 2 0 1 3- 0 3- 1 8

M O DI S M O D 1 3 Q 1. 0 6 1 T err a V e g et ati o n 

I n di c e s 1 6- D a y Gl o b al 2 5 0 m

2 5 0 m 2 0 0 0- 0 2- 1 8

S e nti n el- 2 H ar m o ni z e d S e nti n el- 2 M SI: 

M ulti S p e ctr al I n str u m e nt, L e v el- 2 

A

1 0 m 2 0 1 7- 0 3- 2 8

VII R S V N P 1 3 A 1. 0 0 2: VII R S V e g et ati o n 

I n di c e s 1 6- D a y 5 0 0 m

5 0 0 m 2 0 1 2- 0 1- 1 7
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observations simultaneously to analyze the difference between the 
means, confirmed that the mean NDVI values for Landsat 8, MODIS, 
Sentinel 2, and VIIRS are statistically different for 4 out of 5 EtnaGas 
stations at a 95 % confidence level (Fscore Fcritical). Therefore, to ensure 
consistent NDVI values across 4 different sensors, an inter-calibration 
technique was applied to the collected NDVI datasets at each EtnaGas 
station.

An iterative process following the methods of Heinzel et al. (2006)
was conducted to remove cross-sensor relationships, minimize calcula
tions, and to harmonize the datasets due to differences in spatial reso
lutions. Here, the methods completed for the Maletto EtnaGas station is 
described as an example, but the same processes were applied to all 
stations except the Ripenaca EtnaGas station, whose NDVI dataset 
passed the initial ANOVA test. All NDVI datasets for Landsat 8, MODIS, 
Sentinel 2, and VIIRS at the Maletto EtnaGas station were linearly 
interpolated to daily values, which had an original sampling frequency 
of 7 3 days. There was no extrapolation past the start dates and end 
dates of collection. Visually, MODIS and VIIRS NDVI timeseries appear 
to have similar values, while Landsat 8 and Sentinel 2 were generally 
lower or higher in comparison, respectively (Appendix 2). Considering 
this, the iterative process began by removing the qualifying regressions 
from Landsat 8 and Sentinel 2 with respect to MODIS or VIIRS until an 
ANOVA analysis proved the datasets were statistically the same. For the 
Maletto EtnaGas station to have comparable NDVI values across sensors, 
Landsat 8 was detrended with respect to VIIRS, and Sentinel 2 was 
detrended with respect to MODIS. Effects to Landsat 8 were quantified 
by subtracting VIIRS NDVI from Landsat 8 NDVI and plotting this dif
ference with Landsat 8 NDVI to find the best fit line (Appendix 2, 
Table 3). The best fit line was a 2nd order polynomial with an r2 0.5, 
and this relationship was removed from the Landsat 8 NDVI. The 
removal of outliers ( 3 ) resulted in an almost identical best fit line and 
considered unnecessary. The same process was completed to remove 
effects from Sentinel 2 with respect to MODIS (Appendix 2, Table 3). 
Similar, non-linear results were also collected by Heinzel et al. (2006)
using Landsat 5, QuickBird, ASTER, and SPOT 5.

Msm1, Albano, and Brunek EtnaGas stations also had visually similar 
NDVI graphs as the Maletto EtnaGas station (Appendix 2). Generally, for 
these remaining EtnaGas stations, Landsat 8 and Sentinel 2 NDVI were 
detrended through 2nd order polynomials with respect to MODIS or 
VIIRS in order to have consistent estimates across all sensors. Table 3
shows all the 2nd order polynomial equations removed at each station. 
At the Albano EtnaGas station, Landsat 8 was detrended with respect to 
VIIRS, Sentinel 2 was detrended with respect to MODIS, and VIIRS was 
detrended with respect to MODIS. At the Brunek EtnaGas station, 
Landsat 8 was detrended with respect to MODIS. At the Msm1 EtnaGas 

station, Landsat 8 was detrended with respect to MODIS, and Sentinel 2 
was detrended with respect to MODIS. The Ripenaca EtnaGas station did 
not need any changes since the ANOVA analysis confirmed statistically 
similar means with the original NDVI data. In summary, for all stations 
except for Ripenaca, Landsat 8 and Sentinel 2 were recalibrated with the 
addition of recalibrating VIIRS at the Albano EtnaGas station. The NDVI 
values calculated in this section will be referred to as calibrated NDVI.

2.4. Filtering

Diffuse degassing is typically concentrated at volcano-tectonic 
structures, where it is facilitated by higher permeability in the fault 
areas. Nevertheless, it is possible that diffuse degassing is present 
throughout the entire volcanic structure, with its intensity fluctuating 
based on soil permeability levels. Due to potential volcanic CO2 influ
ence at all areas on the flanks, environmental parameters were used to 
filter out external influences from the calibrated NDVI and soil CO2 flux 
signals instead of using a control group of trees far away from volcano- 
tectonic structures but still on the flanks. In addition, the environmental 
parameters (atmospheric temperature and pressure, relative humidity, 
and active rainfall) can influence both NDVI and soil CO2 flux mea
surements and were filtered out to minimize any effects (Curtis and 
Wang, 1998; LaDeau and Clark, 2001; Korner et al., 2005; Liuzzo et al., 
2013; Seiler et al., 2017).

Soil moisture impacts soil degassing and is strongly related to the 
relative humidity parameter (Liuzzo et al., 2013); however, the impact 
has a short timescale. The resampling of the soil CO2 flux data in section 
2.2 which filtered frequencies less than a week removes relative hu
midity effects (Liuzzo et al., 2013). The relatively longer temporal res
olution of the calibrated NDVI signals in section 2.3.1 consequentially 
did not have any effects from relative humidity. Indeed, a linear 
regression analysis between the calibrated NDVI and soil CO2 flux sig
nals with relative humidity for each station shows no relationship 
(Table 4). Maletto and Albano were missing relative humidity mea
surements, but their soil CO2 flux was considered to not be impacted by 
humidity due to the negligible pattern at the other 3 stations. These 
results agree with the similarly resampled soil CO2 flux of the EtnaGas 
stations in Liuzzo et al. (2013) for the 2002 2012 timeframe, that all had 
no trends with respect to relative humidity.

All other environmental variables that affected the calibrated NDVI 
and soil CO2 flux signals were removed based on a linear regression 
analysis (Table 4). The environmental factors were resampled to the 
same collection dates as the calibrated NDVI signals, whereas the 
resampled soil CO2 flux data and corresponding environmental con
stituents from section 2.2 were used for the linear regression analysis. 
The calibrated NDVI signal along the Pernicana fault nearby the Ripe
naca EtnaGas station and the soil CO2 flux signal at the Brunek EtnaGas 
station were most affected by temperature. Atmospheric pressure and 
rainfall did not show significant correlation to the calibrated NDVI or 
soil CO2 flux signals. The temperature linear regression was removed 
from the impacted signal when r2 0.1 to minimize even the weakest 
external effects. Maletto and Albano EtnaGas stations were missing 
rainfall measurements but were presumed to not be influenced since the 
other stations had a maximum r2 of 0.03. Additionally, vegetation in 
Mediterranean climates is influenced more by air temperature than by 
precipitation (Seiler et al., 2017), and plants are accustomed to the high 
permeability of volcanic soil which limits surface runoff (Houlie et al., 
2006). Therefore, droughts or excessive precipitation do not signifi
cantly impact the vegetation on Mt. Etna on short time scales.

In previous studies, the 2011 2019 soil CO2 flux data from the 
EtnaGas stations were filtered through methods developed by the 
Observatoire Volcanologique du Piton de la Fournaise (OVPF) and by a 
moving average filter (MAFILT) (Gurrieri et al., 2021). However, this 
study opted for filtering based on linear regression analysis since the soil 
CO2 flux was compared to the NDVI signal, which was at a much lower 
temporal resolution. Consistent filtering for both NDVI signals and soil 

Table 3 
The best fit regressions for each EtnaGas station. These are the equations that 
resulted in an ANOVA test of Fscore Fcritical at 95 % confidence level to have 
statistically the same means. Using Maletto 1st column, 1st row as an example, 
the x values are the Landsat 8 NDVI. The y values are the difference between 
Landsat 8 and VIIRS NDVI. The y values are subtracted from the x values to 
remove the relationship.

EtnaGas 
Station

Landsat 8 
NDVI 
w.r.t VIIRS 
NDVI

Landsat 8 
NDVI 
w.r.t MODIS 
NDVI

Sentinel 2 
NDVI 
w.r.t MODIS 
NDVI

VIIRS NDVI 
w.r.t. 
MODIS 
NDVI

Maletto y 7.58 2 

11.2 -4.19
y 0.03 2 

1.07 -0.9
Albano y 2.3 

2 2.13
0.41

y 1.22 2 

2.51 -1.12
y 0.42 
2 0.2 -0.08

Brunek y 0.41 2 

1.81 -1.08
Msm1 y 2.62 

2 3.32
1.03

y 1.45 
2 1.84
0.67
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C O 2 fl u x si g n al s mi ni mi z e t h e c h a n g e of i ntr o d u ci n g bi a s e s or ali a si n g 

i nt o o n e of t h e si g n al s. T h e vi s u al eff e ct s of filt eri n g o n t h e ti m e s eri e s 

ar e i n A p p e n di x 2.

3.  D at a & Di s c u s si o n

3. 1.  Q u a ntit ati v e

T o  b ett er  c o m p ar e  d at a  a cr o s s  t h e  Mt.  Et n a  fi a n k s,  t h e  c ali br at e d 

T a bl e 4 

T h e r 2 v al u e s of t h e li n e ar r e gr e s si o n a n al y si s b et w e e n a n e n vir o n m e nt al p ar a m et er a n d t h e c ali br at e d N D VI a n d s oil C O 2 fl u x of a n Et n a G a s st ati o n. T = t e m p er at ur e, P 

= pr e s s ur e, r H = r el ati v e h u mi dit y, a n d Pr = pr e ci pit ati o n / a cti v e r ai nf all.

Et n a G a s st ati o n C ali br at e d N D VI S oil C O 2 fi u x

T P r H P r T P r H Pr

Ri p e n a c a 0. 6 0. 0 9 0. 0 4 0. 0 2 0. 2 0. 0 5 0. 0 0 2 0. 0 0 3

Br u n e k 0. 2 0. 0 3 0. 0 0 2 0. 0 3 0. 5 0. 0 0 1 0. 0 0 7 0. 0 0 5

M al ett o 0. 1 2 0. 0 3 N / A N / A 0. 0 2 0. 0 0 7 N / A N / A

M s m 1 0. 4 0. 0 0 0 0. 0 0 0 9 0. 0 0 0 8 0. 1 0. 0 2 0. 0 0 2 0. 0 0 1

Al b a n o 0. 1 2 0. 0 5 N / A N / A 0. 0 9 0. 0 0 3 N / A N / A

Fi g. 2. C ali b r at e d N D VI a n d s oil C O 2 fl u x f o r Ri p e n a c a, Br u n e k, M s m 1, M al ett o, a n d Al b a n o Et n a G a s st ati o n s. All si g n al s h a v e b e e n r e s c al e d a n d s m o ot h e d wit h a 3 0- 

d a y m o vi n g a v er a g e fllt er. T h e v erti c al b ar s r e pr e s e nt er u pti v e a cti vit y w h er e t h e gr a y b ar s i n di c at e str o m b oli a n a cti vit y, r e d b ar s i n di c at e l a v a f o u nt ai ni n g, a n d t h e 

or a n g e b ar i n di c at e s a fl a n k er u pti o n. T h e Br u n e k Et n a G a s st ati o n i s mi s si n g d at a fr o m A pril 2 0 1 3 t o D e c e m b er 2 0 1 3. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n 

t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.)
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N D VI  a n d  s oil  C O 2 fl u x  si g n al s  w er e  r e s c al e d  t o  t h eir  c orr e s p o n di n g 

mi ni m u m a n d m a xi m u m v al u e s. T h e b uff er ar o u n d t h e M al ett o Et n a G a s 

st ati o n h a d a m a xi m u m N D VI of 0. 8 1, a n d t h e b uff er n e ar b y t h e M s m 1 

Et n a G a s st ati o n h a d a mi ni m u m N D VI of 0. 6 0. K e e pi n g i n mi n d, a li m -

it ati o n  of  N D VI > 0. 4  w a s  a p pli e d  d uri n g  t h e  G E E  N D VI  c oll e cti o n  t o 

r e m o v e  aff e ct s  fr o m  s n o w  c o v er,  d e ci d u o u s  a b s ci s si o n,  a n d  cl o u d s 

mi s s e d i n t h e G E E al g orit h m. T h e Br u n e k Et n a G a s st ati o n m e a s ur e d t h e 

m a xi m u m s oil C O 2 fi u x at a b o ut 0. 5 3 k g
m 2 d 

a n d m a n y Et n a G a s st ati o n s 

m e a s ur e d 0 k g
m 2 d 

a s t h e mi ni m u m. A 3 0- d a y m o vi n g a v er a g e s m o ot h e d t h e 

r e s c al e d  si g n al s  f or  b ot h  c ali br at e d  N D VI  a n d  s oil  C O 2 fi u x  ( Fi g.  2 ). 

Ri p e n a c a a n d Br u n e k Et n a G a s st ati o n s b ot h h a v e s h ort e n e d d at a s et s: t h e 

f or m er w a s st ol e n i n A u g u st 2 0 1 5, t h e l att er d u e t o m ai nt e n a n c e i s s u e s. 

Er u pti v e a cti vit y f or t h e 2 0 1 1 – 2 0 1 8 ti m e p eri o d i s s plit i nt o str o m b oli a n 

a cti vit y, l a v a f o u nt ai ni n g, a n d fl a n k er u pti o n s, w hi c h w a s r e vi e w e d b y 

Gi uffri d a et al. ( 2 0 2 3) a n d s u m m ari z e d b y t h e Gl o b al V ol c a ni s m Pr o -

gr a m  ( G V P; htt p s: / / v ol c a n o. si. e d u / v ol c a n o. cf m ? v n = 2 1 1 0 6 0 ).  It  w a s 

e x p e ct e d t h at t h e s oil C O 2 fi u x si g n al s of t h e 5 st ati o n s v ar y i n p att er n 

a n d m a g nit u d e si n c e e a c h st ati o n m e a s ur e s at a diff er e nt l o c ati o n o n t h e 

Mt.  Et n a  fl a n k,  o v erl yi n g  diff er e nt  t e ct o ni c  s y st e m s  a n d  g e ol o gi c  f e a -

t ur e s,  a s  al s o  s e e n  i n Li u z z o  et  al.  ( 2 0 1 3) .  A d diti o n all y,  t h e  Br u n e k 

Et n a G a s st ati o n, w hi c h i s p o siti o n e d t h e cl o s e st t o t h e m o st a cti v e f a ult 

s y st e m,  h a s  t h e  o v er all  l ar g e st  m a g nit u d e  s oil  C O 2 fl u x  v al u e s. 

F urt h er m or e, t h er e ar e s o m e vi s u al si mil ariti e s i n si g n al p att er n b et w e e n 

e a c h  st ati o n ’s  s oil  C O 2 fl u x  a n d  N D VI.  S p e ci fl c all y,  t h e  i n cr e a s e  a n d 

d e cr e a s e s e q u e n c e s s e e m t o c orr e s p o n d i n ti m e ( Fi g. 2 ). P h ot o s y nt h eti c 

a cti vit y of pl a nt s e x p o s e d t o C O 2 e mi s si o n s a n d s u nli g ht t y pi c all y h a v e a 

ti m e l a g of 1– 2 h ( J uri c et al., 1 9 8 4 ). Li u z z o et al. ( 2 0 1 3) m o d el e d t w o 

e n d m e m b er s c e n ari o s of Mt. Et n a d e g a s si n g s h o wi n g a s y st e m ati c i n -

cr e a s e / d e cr e a s e c y cl e of s oil C O 2 fi u x. O n e e n d m e m b er e nt ail s t h e ri s e 

of m a g m a fr o m d e pt h t o w ar d s a n i nt er m e di at e st or a g e c h a m b er, i niti -

ati n g t h e e x s ol uti o n of C O 2 v ol atil e s w hi c h ar e diff u s el y r el e a s e d o n t h e 

l o w er fl a n k s of Mt. Et n a. T h e Et n a G a s st ati o n s m e a s ur e t hi s a s a r el ati v e 

i n cr e a s e i n s oil C O2 fl u x. T h e m a g m a c o nti n u e s t o ri s e t o w ar d s s h all o w 

m a g m a c h a m b er s a n d s o m eti m e s er u pt s o nt o t h e s urf a c e. T hi s r e s ult s i n 

a r el ati v e d e cr e a s e of s oil C O 2 fl u x m e a s u r e d b y t h e Et n a G a s st ati o n s 

si n c e m o st of t h e C O 2 h a s b e e n e x s ol v e d a n d diff u s el y r el e a s e d at t hi s 

p oi nt. T h e ot h er e n d m e m b er i n v ol v e s st ati o n ar y m a g m a at d e pt h w h er e 

Fi g. 3. 2 n d d eri v ati v e s of t h e c ali br at e d N D VI a n d s oil C O 2 fl u x f o r t h e Et n a G a s st ati o n s. T h e v erti c al b ar s r e pr e s e nt er u pti v e a cti vit y w h er e t h e gr a y b ar s i n di c at e 

str o m b oli a n a cti vit y, r e d b ar s i n di c at e l a v a f o u nt ai ni n g, a n d t h e or a n g e b ar i n di c at e s a fl a n k er u pti o n. T h e Br u n e k Et n a G a s st ati o n i s mi s si n g d at a fr o m A pril 2 0 1 3 t o 

D e c e m b er 2 0 1 3. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.)
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C O 2 d e g a s e s u ntil t h er e ar e mi ni m al C O 2 v ol atil e s l eft, r e s ulti n g i n t h e 

i n cr e a s e / d e cr e a s e s h a p e of s oil C O2 fl u x at t h e Et n a G a s st ati o n s ( Li u z z o 

et al., 2 0 1 3 ). T h e s e i n cr e a s e / d e cr e a s e c y cl e s w er e c o n fir m e d i n a st u d y 

fr o m 2 0 0 4 t o 2 0 1 2 o n Mt. Et n a, w hi c h c orr el at e d t h e c y cl e s t o v ol c a ni c 

a cti vit y at t h e s u m mit cr at er s ( Li u z z o et al., 2 0 1 3 ), a s w ell a s i n s u b s e-

q u e nt  er u pti o n s  ( G urri eri  et  al.,  2 0 2 1 ; P a o nit a  et  al.,  2 0 2 1 ).  I n  t hi s 

pr e s e nt st u d y, t h e s e s a m e i n cr e a s e / d e cr e a s e c y cl e s a p p e ar i n b ot h c ali -

br at e d N D VI a n d s oil C O 2 fi u x si g n al s at all st ati o n s ( Fi g. 2 ).

T a ki n g i nt o a c c o u nt t h e p o siti v e r el ati o n s hi p b et w e e n C O 2 fl u x a n d 

N D VI, a n a s s e s s m e nt of t h e c o n si st e n c y of t h e t w o si g n al s w a s c o n d u ct e d 

i n  r el ati o n  t o  t h e  r at e  of  c h a n g e  of  t h eir  r e s p e cti v e  m a g nit u d e s.  T o 

a c hi e v e t hi s o bj e cti v e, w e c al c ul at e d t h e s e c o n d d eri v ati v e t o a n al y z e 

t h e fi u ct u ati o n s i n t h e r at e of c h a n g e of s oil C O2 fl u x a n d N D VI o v er ti m e 

( A p p e n di x 1). S p e ci fl c all y, w e ai m e d t o d et er mi n e d e g a s si n g a c c el er a -

ti o n a s a pr o x y f or v ol c a ni c i n p ut a n d e v al u at e it s p ot e nti al i m p a ct o n 

v e g et ati o n b y e x a mi ni n g t h e c orr el ati o n wit h N D VI. T h e s oil C O 2 fl u x 

si g n al w a s r e s a m pl e d t o m at c h t h e t e m p or al r e s ol uti o n of t h e c ali br at e d 

N D VI  si g n al  b ef or e  c al c ul ati n g  t h e  2 n d  d eri v ati v e,  w hi c h  w a s  7 ± 3 

d a y s. F or b ett er gr a p hi c c o m p ari s o n, all 2 n d d eri v ati v e s f or c ali br at e d 

N D VI  w er e  n e g at e d a n d  t h e  a b s ol ut e  v al u e  w a s  t a k e n f or  all  2 n d  d e -

ri v ati v e s of s oil C O 2 fl u x i n o r d e r t o h a v e a r e fi e cti o n of si g n al s o n t h e x- 

a xi s ( Fi g. 3 ). I n all c a s e s, l o w m a g nit u d e 2 n d d eri v ati v e s of s oil C O 2 a r e 

r e fl e ct e d  b y  l o w  m a g nit u d e  2 n d  d eri v ati v e s  of  N D VI,  a n d  e v er y  ti m e 

t h er e i s a l ar g e s pi k e i n t h e s oil C O2 2 n d d e ri v ati v e, t h er e i s o n e f or N D VI 

at t h e s a m e ti m e. S pi k e s i n t h e 2 n d d eri v ati v e i n di c at e r a pi d c h a n g e s i n 

t h e r at e of c h a n g e s u c h a s s u d d e n e s c al ati o n s or d e- e s c al ati o n s.

St arti n g i n 2 0 1 7, b ot h N D VI a n d s oil C O 2 2 n d d e ri v ati v e s h a v e l ar g e 

a n d m or e fr e q u e nt fl u ct u ati o n s ( Fi g. 4 ). Ri p e n a c a a n d Br u n e k Et n a G a s 

st ati o n s  ar e  n ot  c o n si d er e d  b e c a u s e  t h e y  h a v e  n o  a n d  p arti al  d at a 

c o v eri n g  t hi s  ti m e  p eri o d,  r e s p e cti v el y.  L ar g er  2 n d  d eri v ati v e  s pi k e s 

i n di c at e  a  s h ar p  i n fl e cti o n  p oi nt  i n  t h e  c h a n g e  fr o m  i n cr e a si n g  t o 

d e cr e a si n g tr e n d f or t h e c ali br at e d N D VI a n d s oil C O 2 fl u x. A s f o r v ol -

c a ni c a cti vit y, t h e 2 0 1 7 – 2 0 1 8 p eri o d i s d e s cri b e d b y m o stl y q ui e s c e nt 

p eri o d s wit h mi n or eff u si v e a cti vit y i n cl u di n g a 3- d a y fl a n k er u pti o n at 

t h e e n d of D e c e m b er 2 0 1 8 (G urri eri et al., 2 0 2 1 ; Gi uffri d a et al., 2 0 2 3 ). 

A c o m pr e h e n si v e a n al y si s of s oil C O 2 d e g a s si n g f r o m t h e Et n a G a s st a -

ti o n s,  v ol c a ni c  a cti vit y,  a n d  s ei s mi c  a cti vit y  c a n  b e  f o u n d  i n G urri eri 

et  al.  ( 2 0 2 1) ;  t hi s  m or e  d et ail e d  a cti vit y  i s  di s pl a y e d  i n Fi g.  4 .  It  i s 

i m p ort a nt  t o  n ot e  t h at  d uri n g  t hi s  p eri o d  of  q ui e s c e n c e,  t h e  Et n e a n 

pl u m bi n g s y st e m u n d er w e nt a n e xt e n d e d p h a s e of e xtr a or di n ar y pr e s -

s uri z ati o n  i n  it s  d e e p e st  r e gi o n s  ( G urri eri  et  al.,  2 0 2 1 ; P a o nit a  et  al., 

2 0 2 1 ).  T hi s  r e s ult e d  i n  a  s h ort- d ur ati o n  fi a n k  er u pti o n,  w hi c h  h a d  a 

si g ni fi c a nt  i m p a ct  o n  s urf a c e  fr a ct uri n g.  A d diti o n all y,  t h e  e v e nt  w a s 

a c c o m p a ni e d b y a p eri o d of h ei g ht e n e d s ei s mi c a cti vit y, c ul mi n ati n g i n 

Fi g. 4. 2 n d d eri v ati v e s of c ali br at e d N D VI a n d s oil C O 2 fl u x p o st 2 0 1 7 f or 3 Et n a G a s st ati o n s. T h e r e d v erti c al b ar s r e pr e s e nt eff u si v e er u pti v e a cti vit y s u c h a s l a v a 

fl o w s a n d f o u nt ai n s w h er e t h e gr a y b ar s i n di c at e e x pl o si v e a cti vit y s u c h a s a s h a cti vit y ( G urri eri et al., 2 0 2 1 ). T h e d a s h e d v erti c al li n e s c orr e s p o n d t o c o n c urr e nt 

s pi k e s of s oil C O 2 a n d N D VI a c r o s s all 3 gr a p h s. T h e d a s h e d, t hi c k er, p ur pl e li n e i s t h e 1 0- 1 6- 2 0 1 7 e x a m pl e. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s 

fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.)
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the Mw 4.9 earthquake that occurred on 26 December 2018. This 
earthquake was the most powerful earthquake that occurred in the Etna 
area in over 30 years (Civico et al., 2019; Büyükakpınar et al., 2022).

Within this shortened timeline, Fig. 4 shows that with every soil CO2 
2nd derivative spike, there is a corresponding 2nd derivative NDVI spike 
at generally the same time and duration. The peak finder function in the 
SciPy library found 16 simultaneously occurring spikes in the soil CO2 
and NDVI 2nd derivatives for the Albano, Msm1, and Maletto EtnaGas 
stations within 0.3 3 days of each other (Fig. 4, Table 5). Any differ
ences of spike dates across stations are likely a product of the smoothing 
and linear interpolation to common timeframes between the NDVI and 
soil CO2 flux signals. While Albano and Msm1 EtnaGas stations have the 
same number and dates of spikes, Maletto is missing 3 spikes in both the 
CO2 and NDVI 2nd derivative signals, likely reflecting the heterogeneity 
of various subsurface degassing pathways. Additionally, there are a few 
instances where the soil CO2 2nd derivative shows no spike for one 
EtnaGas station but does for the other 2 EtnaGas stations. For example, 
on 10-16-2017, soil CO2 spiked at Albano and Maletto EtnaGas stations, 
but not at the Msm1 EtnaGas station (Fig. 4, Table 5). However, there is 
a clear spike in the NDVI 2nd derivative on this day at the Msm1 EtnaGas 
station of intermediate magnitude (Fig. 4). This scenario is applicable 
for the other 3 instances when all stations do not have concurrent soil 
CO2 spikes (06-18-2017, 10-24-2017, and 01-18-2018). There is never 
an instance when NDVI spikes without a simultaneous CO2 spike in one 
or more of the EtnaGas stations, although the station is not always co- 
located with the NDVI spike. This implies that the 2nd derivative of 
NDVI might not always persistently reflect localized changes in diffuse 
CO2 degassing, and the degassing activity as a whole might still influ
ence NDVI independent of the specific site where the CO2 station is 
located.

Previous studies using petrologic, thermodynamic, and geophysical 
research indicate that the quiescent periods of 2017 2018 are charac
terized by deep magmatic recharging events (Viccaro et al., 2016, 2019; 
Cannata et al., 2018; Borzi et al., 2020; Giuffrida et al., 2021; Giuffrida 
et al., 2023). Volatile-rich magma begins to rise from a deep source to 
the intermediate magma chambers between 2 and 6 km below sea level 
(Giuffrida et al., 2023). The magma continues to rise and is injected into 
shallow magma chambers, occasionally reaching the surface as strom
bolian activity or flank eruption (Giuffrida et al., 2023). These 
recharging events occur repeatedly throughout 2017 2018 and com
plement the first degassing end member scenario proposed by Liuzzo 
et al. (2013). The 2nd derivative graphs of multiple stations on the flanks 
of Mt. Etna illustrate the timeline of these 16 recharging events in both 
the soil CO2 and NDVI signals. In other words, the spikes in the 2nd 

derivative identify the times of the switch from increasing to decreasing 
trends in the soil CO2 flux measured by the EtnaGas stations on the 
surface; and therefore, the spikes also indicate the general timeframe 
when magma is ascending from an intermediate to shallow magma 
chamber. The soil CO2 flux and NDVI 2nd derivative spikes are a surfi
cial reflection of subsurface processes.

3.2. Flank distribution

The differences in magnitude of the soil CO2 flux signal of each 
EtnaGas station and differences in 2nd derivative spikes highlights that 
the underlying tectonic setting, geologic features, and magma storage 
depth play a role in the amount of degassing that makes it to the surface. 
According to the 2nd derivatives, changes in the storage level of sub
surface magma and subsequent release of volcanic CO2 affect the NDVI 
of overlying trees on the surface. To understand how localized the effects 
are, the NDVI was collected and averaged for homogenous forests on the 
high flanks of Mt. Etna (Fig. 1a). If forests were at a lower elevation than 
the EtnaGas stations, it was further validated to make sure no roads, 
neighborhoods, buildings, or agriculture were nearby. Both Landsat 8 
and Sentinel 2 NDVI were calibrated with respect to VIIRS using 2nd 
order polynomials and an ANOVA analysis confirmed statistically the 
same means (Table 6). The temperature, pressure, humidity, and active 
rainfall were averaged using Maletto, Msm1, and Albano EtnaGas sta
tion s environmental parameters for the regression analysis since they 
covered the same time of observation between 2011 and 2018. Only 
temperature had a moderate influence on the NDVI of Mt. Etna flank 
trees at r2 0.5 and was removed.

To reduce the effects from these 3 EtnaGas stations local topography 
variations, different elevations, and various subsurface features that 
influence degassing, the signals were rescaled to create a representative 
soil CO2 signal that will be hereby referenced as the flank soil CO2 signal 
(Liuzzo et al., 2013; Gurrieri et al., 2021). The flank signal was calcu
lated using the equation from Liuzzo et al. (2013): 

n
Norm t

n

i 1
i t min

i
max
i

min
i

(3) 

where is the flux, i is the station, and t is the time. In other words, for 
each day, the rescaled flux of each station is added together (Fig. 5a; 
Appendix 4). The 2nd derivatives of this flank soil CO2 signal calculated 
by Eq. (3) were compared with the 2nd derivatives of the flank NDVI 
(Fig. 5b). The 2nd derivative flank CO2 signal shows the same spikes at 
the same time as the individual EtnaGas stations from 2017 to 2018 
(Fig. 5b). Even with the extended dataset, when the 2nd derivative of 
CO2 spikes, so does the NDVI 2nd derivative, and there is no instance 
when one signal doesn t spike without the other. The peak finder 
function in SciPy identified 28 concurrent CO2 spikes and NDVI spikes 
throughout 2011 2018 (Fig. 5b). There were 2 additional NDVI spikes 
without concurrent CO2 spikes between 2014 and 2015 of small 
magnitude that were only identified by increasing the sensitivity value 
in the peak finder function. A regression analysis between the 2nd de
rivatives of flank CO2 and NDVI indicate a strong linear correlation 
(Fig. 6). The similarities between the flank and individual EtnaGas sta
tions suggests that the 2nd derivative of all homogenous trees not near 
human influences reflect overall changes in the diffuse CO2 degassing 
system in the Mt. Etna subsurface, indicating that it may not be neces
sary to have localized collection buffers for NDVI along volcano-tectonic 
structures.

Table 5 
Dates of soil CO2 2nd derivative spikes in Fig. 4. Asterisk denotes when a soil CO2 
2nd derivative spike did not exist for that individual station, but an NDVI spike 
was present. Blank boxes indicate that no soil CO2 or NDVI spike was present.

No. Date of Spike

Msm1 Maletto Albano

1 05-09-2017 05-09-2017 05-09-2017
2 *06-18-2017 06-18-2017
3 07-14-2017 07-08-2017 07-08-2017
4 08-06-2017 08-06-2017 08-06-2017
5 08-26-2017 08-26-2017 *08-26-2017
6 09-15-2017 09-15-2017 09-15-2017
7 *10-16-2017 10-16-2017 10-16-2017
8 *10-24-2017 10-24-2017
9 01 01 2018 01 01 2018
10 01-18-2018 *01-18-2018 01-18-2018
11 04-07-2018 04-07-2018 04-06-2018
12 06 12 2018 06 12 2018 06 12 2018
13 07-14-2018 07-07-2018 07-07-2018
14 07-20-2018 07 22 2018 07-20-2018
15 09-06-2018 09-06-2018 09-06-2018
16 10-25-2018 10-25-2018 10-25-2018

Table 6 
NDVI calibration equations for the flank of Mt. Etna.

2nd order polynomials

Landsat 8 NDVI w.r.t. VIIRS Sentinel 2 NDVI w.r.t. VIIRS

Flank y 2.26 2 3.04 0.93 y 0.87 2 0.89 0.22
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4.  A p pli c ati o n

N D VI c a n b e c oll e ct e d all o v er t h e w orl d wit h a v ari et y of air b or n e 

a n d  s p a c e b or n e  s e n s or s  a n d  s at ellit e s  i n  t h e  a b s e n c e  of  cl o u d s  c o v er, 

hi g hli g hti n g t h e e a s e of r e m ot e d at a c oll e cti o n a n d t e m p or al fr e q u e n c y. 

Mt. Et n a i s o n e of t h e o nl y v ol c a n o e s i n t h e w orl d wit h s e v er al c o nti n -

u o u s s oil C O 2 fl u x s e n s o r s o n it s fi a n k s a n d e n o u g h d at a t o c h ar a ct eri z e 

t h e  b e h a vi or  of  C O2 d e g a s si n g  wit h  v ol c a ni c  a cti vit y.  Diff u s e  C O 2 

d e g a s si n g  i s  i n a d e q u at el y  m e a s ur e d  f or  m a n y  v ol c a ni c  s y st e m s,  b ut 

a s s e s si n g t h e N D VI si g n al s of v e g et ati o n o n v ol c a n o e s c a n fill i n s o m e of 

t h e g a p s o n c e t h e r el ati o n s hi p b et w e e n C O2 e mi s si o n s a n d v e g et ati o n 

h e alt h f or diff er e nt s p e ci e s a n d gr o wi n g s e a s o n s i s u n d er st o o d.

W h e n a p pl yi n g t h e 2 n d d eri v ati v e N D VI m et h o d t o ot h er v e g et at e d 

v ol c a n o e s, m a n y f a ct or s n e e d t o b e c o n si d er e d. It i s i m p ort a nt t h at tr e e s 

ar e n ot cl o s e t o h u m a n i n fl u e n c e s li k e a gri c ult ur e a n d n ei g h b or h o o d s. If 

m ulti pl e s e n s or s ar e  u s e d  t o c al c ul at e  N D VI, a n  i nt er c ali br ati o n  t e c h -

ni q u e will n e e d t o b e a p pli e d t o n or m ali z e N D VI a cr o s s s e n s or s. W hil e 

t e m p er at ur e w a s t h e m ai n e n vir o n m e nt al p ar a m et er aff e cti n g N D VI o n 

Mt.  Et n a,  t hi s  m a y  n ot  b e  t h e  c a s e  o n  ot h er  v ol c a n o e s  wit h  diff er e nt 

e c o s y st e m s.  Ot h er  e n vir o n m e nt al  f a ct or s  li k e  at m o s p h eri c  pr e s s ur e, 

pr e ci pit ati o n, a n d ot h er str e s s or s c a n h a v e eff e ct s o n tr e e s. A d diti o n all y, 

t h e N D VI c oll e cti o n s o n Mt. Et n a o nl y u s e d d e ci d u o u s a n d c o nif er o u s 

tr e e s. M or e r e s e ar c h n e e d s t o b e d o n e o n tr o pi c al tr e e s a n d h o w t h e y 

r e a ct  t o  v ol c a ni c  C O 2 .  P a st  i s ot o pi c  st u di e s  h a v e  s h o w n  t h at  tr o pi c al 

pl a nt s  i n c or p or at e  v ol c a ni c  C O 2 i nt o  t h ei r  p h ot o s y nt h e si s  pr o c e s s e s 

(B o g u e et al., 2 0 1 9 ), i n di c ati n g t h e p ot e nti al t h at tr o pi c al s y st e m s m a y 

Fi g. 5. a. C ali br at e d N D VI v al u e s fr o m all t h e tr e e s o n t h e u p p er fi a n k s of Mt. Et n a fr o m Fi g. 1 a i n gr e e n a n d t h e r e s c al e d fl a n k s oil C O 2 fl u x c al c ul at e d b y E q. ( 3)

fr o m M al ett o, M s m 1, a n d Al b a n o Et n a G a s st ati o n s i n bl u e. T h e t hi n, gr a y li n e s r e pr e s e nt t h e s a m e s pi k e a s Fi g. 4 a n d T a bl e 5 . T h e t hi n, or a n g e li n e s i n di c at e t h e 

a d diti o n al s pi k e s of C O 2 a n d N D VI 2 n d d eri v ati v e s fr o m Fi g. 5 b. T h e 2 n d d eri v ati v e s pi k e s o c c a si o n all y d o n ot li n e u p wit h p e a k s i n t h e c ali br at e d N D VI a n d r e s c al e d 

fl a n k s oil C O 2 fl u x d u e t o t h e c o n c e ntr ati o n of d at a p oi nt s ( A p p e n di x 1). 7 b) N e g at e d 2 n d d eri v ati v e s of t h e fi a n k N D VI si g n al fr o m Fi g. 5 a i n gr e e n a n d t h e 2 n d 

d eri v ati v e a b s ol ut e v al u e s of t h e fl a n k s oil C O 2 fl u x f r o m Fi g. 5 a i n bl u e. T h e t hi n, gr a y li n e s r e pr e s e nt t h e s a m e s pi k e a s Fi g. 4 a n d T a bl e 5 . T h e t hi n, or a n g e li n e s 

i n di c at e t h e a d diti o n al s pi k e s of C O2 a n d N D VI 2 n d d eri v ati v e s. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b 

v er si o n of t hi s arti cl e.)
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r e a ct  i n  a  si mil ar  f a s hi o n  f or  N D VI.  F ut ur e  F A C E  e x p eri m e nt s  i n  t h e 

A m a z o n will r e d u c e u n c ert ai nti e s of tr o pi c al pl a nt e c o s y st e m r e s p o n s e 

t o pr oj e ct e d, at m o s p h eri c C O2 l e v el s (H of h a n sl et al., 2 0 1 6 ). F urt h er-

m or e, gr o u p s of tr e e s o v er at l e a st s e v er al pi x el s d e p e n di n g o n t h e s p ati al 

r e s ol uti o n  of  t h e  i m a g er y  s h o ul d  b e  u s e d  w h e n  a v er a gi n g  N D VI  a n d 

a p pl yi n g a fllt er of N D VI > 0. 4 t o r e m o v e s n o w, cl o u d s, a n d d e ci d u o u s 

a b s ci s si o n o utli er s. T h e gr o u p s of tr e e s s h o ul d b e h o m o g e n o u s, wit h o ut 

l ar g e s p a c e s f or b ar e gr o u n d or gr a s s t h at w o ul d arti fi ci all y l o w er t h e 

N D VI. U si n g l ar g e p ol y g o n s t o a v er a g e N D VI hi g hli g ht s t h e a p pli c a bilit y 

of l o w s p ati al r e s ol uti o n i m a g er y li k e M O DI S a n d VII R S t o c o n d u ct t h e 

N D VI ti m e s eri e s a s s e s s m e nt.

J u st a s diff er e nt e c o s y st e m s ar e v ari a bl y i n fi u e n c e d b y e xt er n al p a -

r a m et er s,  e a c h  v ol c a ni c  s y st e m  al s o  v ari e s.  Mt.  Et n a  i s  li k el y  a n  e n d 

m e m b er  sit u ati o n  si n c e  t h e  tr e e s  r e fl e ct e d  t h e  s a m e  2 n d  d eri v ati v e 

p att er n o n t h e u p p er fi a n k s n o m att er t h e pr o xi mit y t o v ol c a n o-t e ct o ni c 

str u ct ur e s. F urt h er c o m p ar ati v e st u di e s ar e n e e d e d i n v ol c a ni c s y st e m s 

b e y o n d Et n a t o b ett er u n d er st a n d t h e  p ot e nti al diff er e n c e s  i n t h e i m -

p a ct s of e mi s si o n s o n v e g et ati v e ar e a s. It i s li k el y t h at t h e e xt e nt a n d 

m a g nit u d e of C O 2 o ut g a s si n g, a s w ell a s t h e pr e s e n c e of ot h er g a s e o u s 

s p e ci e s s u c h a s h y dr o g e n h ali d e s, fl u ori d e s, S O 2 , a n d H2 S, c o ul d h a v e a 

si g ni fl c a nt i n fl u e n c e o n t h e N D VI i n ar e a s wit h si g ni fl c a nt d e g a s si n g of 

g e ot h er m al  ori gi n  ( W ar d ell  et  al.,  2 0 0 4 ; N el s o n  a n d  S e w a k e,  2 0 0 8 ; 

D ’Ar c y et al., 2 0 1 9 ; Li n h ar e s et al., 2 0 1 9 ; C a d o u x et al., 2 0 2 2 ; B o g u e 

et  al.,  2 0 2 3 ).  H 2 S  i s  a  c o m m o nl y  r el e a s e d  v ol atil e  a n d  i m p air s  r o ot 

gr o wt h i n pl a nt s ( N el s o n a n d S e w a k e, 2 0 0 8 ). H y dr o g e n h ali d e s a n d S O 2 

e a sil y  di s s ol v e  i n  w at er  a n d  c a n  pr o d u c e  a ci d  r ai n,  c a u si n g  l e af 

i m p air m e nt (D ’Ar c y et al., 2 0 1 9 ; C a d o u x et al., 2 0 2 2 ). A hi g h c o n c e n-

tr ati o n  of  fi u ori d e s  c a n  c a u s e  n e cr o si s  a n d  l e af  l o s s  (Li n h ar e s  et  al., 

2 0 1 9 ). H o w e v er, m o st of t h e s e g a s e s g e n er all y h a v e a l o c ali z e d i m p a ct 

n e ar h y dr o / g e o-t h er m al ar e a s or n e ar t h e v ol c a n o cr at er v e nt, w h er e a s 

C O 2 i s wi d e s p r e a d o n all si d e s of v ol c a ni c ar e a s a n d h a s t h e p ot e nti al t o 

aff e ct e n or m o u sl y l ar g e ar e a s. T h e s e g a s e s ar e n ot t y pi c all y pr e s e nt i n 

v ol c a ni c c o nt e xt s s u c h a s Et n a, a n d t h eir i m p a ct o n v e g et ati o n s h o ul d b e 

e x pl or e d  i n  diff er e nt  t y p e s  of  v ol c a ni c  s y st e m s.  F or  e x a m pl e,  pl a nt s 

e x p o s e d t o a s h e mi s si o n s d o w n wi n d of t h e pl u m e of T urri al b a V ol c a n o, 

C o st a Ri c a, w er e aff e ct e d b y v ol c a ni c S O 2 a n d C O 2 , st r e s si n g t h e n e e d t o 

t a k e  i nt o  a c c o u nt  all  g a s e o u s  s p e ci e s  (D ’Ar c y  et  al.,  2 0 1 9 ).  A s  a n 

o p p o sit e  e n d  m e m b er,  t h e  tr e e  kill  ar e a s  i n  Y ell o w st o n e  ar e  s p ati all y 

c o n str ai n e d  b y  t h e  s ur fl ci al  e x pr e s si o n s  of  f a ult s  a n d  fr a ct ur e s.  T h e 

v ol c a n o-t e ct o ni c  str u ct ur e s  c o ntr ol  t h e  m o v e m e nt  of  fl ui d s  fr o m  t h e 

s o ur c e t o b e r el e a s e d i n c o n c e ntr at e d a m o u nt s at t h e s urf a c e ( V a u g h a n 

et al., 2 0 2 0 ). P arti c ul arl y, i n si d e t h e T er n L a k e t h er m al ar e a, t h e tr e e kill 

z o n e s h a d a n o m al o u s N D VI si g n al s w h e n c o m p ar e d t o tr e e s o ut si d e t h e 

t h er m al ar e a, i n di c ati n g b e n e fl ci al i n fl u e n c e fr o m diff u s e v ol c a ni c v ol -

atil e s  b ef or e  d e at h  ( B o g u e  et  al.,  2 0 2 3 ).  W hil e  t h e  v ol c a n o-t e ct o ni c 

s etti n g w a s n ot n e e d e d t o u n d er st a n d t h e N D VI si g n al o n Mt. Et n a, it 

will  b e  cr u ci al  f or  ot h er  s y st e m s  e s p e ci all y  wit h  a  str o n g  h y dr o / 

g e ot h er m al a cti vit y c o m p o n e nt.

5.  C o n cl u si o n

T h e s oil C O 2 fl u x of 5 Et n a G a s st ati o n s a n d c o-l o c at e d N D VI si g n al s of 

n e ar b y tr e e s w er e c o m p ar e d t o a s s e s s a n y c orr el ati o n. T h e N D VI a n d s oil 

C O 2 fi u x si g n al s s h o w r e p e ati n g i n cr e a s e / d e cr e a s e c y cl e s, or p ul s e s of 

diff u s el y d e g a s s e d, v ol c a ni c C O 2 r el e a si n g at t h e s urf a c e d e p e n di n g o n 

c h a n g e s i n t h e m a g m a st or a g e l e v el s. T h e 2 n d d eri v ati v e s pi k e s of b ot h 

N D VI  a n d  s oil  C O 2 fi u x  i n  3  Et n a G a s  st ati o n s  di sti n g ui s h  1 6  m a g m a 

r e c h ar g e e v e nt s fr o m 2 0 1 7 t o 2 0 1 8. T h e 2 n d d eri v ati v e s pi k e s c a n b e 

u s e d  a s  a  ti m e st a m p  f or  c h a n gi n g  m a g m ati c  st or a g e  l e v el s.  A n  e ntir e 

fl a n k a n al y si s of h o m o g e n o u s tr e e s a cr o s s Mt. Et n a s h o w e d t h e s a m e 2 n d 

d eri v ati v e s pi k e p att er n f or N D VI, i n di c ati n g t h at tr e e s d o n ot h a v e t o b e 

l o c at e d  n e ar  v ol c a n o-t e ct o ni c  str u ct ur e s  t o  b e  aff e ct e d  b y  diff u s el y 

e s c a pi n g v ol c a ni c C O 2 . T hi s N D VI m et h o d h a s t h e p ot e nti al t o b e a p pli e d 

t o  ot h er  v e g et at e d  v ol c a n o e s  t h at  l a c k  i nt e n si v e  C O 2 m o nit o ri n g 

c o n si d eri n g tr e e t y p e, e n vir o n m e nt al p ar a m et er s, a n d t y pi c al v ol c a ni c 

s y st e m  b e h a vi or.  T h e  eff e cti v e n e s s  of  t hi s  t e c h ni q u e  i s  p arti c ul arl y 

n ot e w ort h y  w h e n  a p pli e d  i n  v ol c a ni c  r e gi o n s  w h er e  gr o u n d- b a s e d 

m o nit ori n g  s y st e m s  f or  C O 2 e mi s si o n s  a r e  c h all e n gi n g  t o  i m pl e m e nt, 

s u c h a s e c o n o mi c all y di s a d v a nt a g e d c o u ntri e s or t h o s e wit h p oliti c al or 

s o ci al  o b st a cl e s  t h at  i m p e d e  t h e  e st a bli s h m e nt  of  a  c o m pr e h e n si v e 

m o nit ori n g  n et w or k.  A d diti o n all y,  t h e  c a p a cit y  t o  r e m ot el y  m o nit or 

v ol c a ni c C O 2 e mi s si o n s eli mi n at e s t h e l o gi sti c s a n d ri s k s a s s o ci at e d wit h 

a c c e s si n g a n d m ai nt ai ni n g i n str u m e nt s i n v ol c a ni c ar e a s t h at ar e dif fl -

c ult t o r e a c h b ut p o s e si g ni fi c a nt ri s k s t o p e o pl e li vi n g i n t h eir vi ci nit y, 

s u c h a s s o m e v ol c a n o e s i n C e ntr al A m eri c a or Afri c a. T hi s st u d y i s t h e 

fir st of it s ki n d t o s h o w a n i n- d e pt h c orr el ati o n b et w e e n t h e N D VI of 

tr e e s, v ol c a ni c C O2 , a n d m a g m ati c a cti vit y.

C R e di T a ut h o r s hi p c o nt ri b uti o n st at e m e nt

Ni c ol e K. G ui n n: Writi n g – ori gi n al dr aft, Vi s u ali z ati o n, V ali d ati o n, 

S oft w ar e,  Pr oj e ct  a d mi ni str ati o n,  M et h o d ol o g y,  I n v e sti g ati o n,  F or m al 

a n al y si s,  D at a  c ur ati o n,  C o n c e pt u ali z ati o n. C r ai g  Gl e n ni e: Writi n g – 

r e vi e w & e diti n g,  S u p er vi si o n,  M et h o d ol o g y,  F u n di n g  a c q ui siti o n, 

C o n c e pt u ali z ati o n. M a r c o  Li u z z o: Writi n g – r e vi e w & e diti n g,  R e -

s o ur c e s, D at a c ur ati o n, C o n c e pt u ali z ati o n. Gi o v a n ni Gi uff ri d a: Writi n g 

– r e vi e w & e diti n g. S e r gi o G u r ri e ri: Writi n g – r e vi e w & e diti n g.

D e cl a r ati o n of c o m p eti n g i nt e r e st

T h e a ut h or s d e cl ar e t h at t h e y h a v e n o k n o w n c o m p eti n g fi n a n ci al 

i nt er e st s or p er s o n al r el ati o n s hi p s t h at c o ul d h a v e a p p e ar e d t o i n fl u e n c e 

t h e w or k r e p ort e d i n t hi s p a p er.

D at a a v ail a bilit y

D at a will b e m a d e a v ail a bl e o n r e q u e st.

A c k n o wl e d g e m e nt s

T h e a ut h or s w o ul d li k e t o t h a n k J e n nif er L e wi c ki, U. S. G e ol o gi c al 

S ur v e y, f or h er i n p ut o n pr o p o s al s a n d a b str a ct s u b mi s si o n s f or c o nf er -

e n c e s d e s cri bi n g e arl y pr o gr e s s o n t hi s w or k. Al s o, t h a n k s t o Fr a n ci s c o 

H a c e s- G ar ci a  at  t h e  N ati o n al  C e nt er  f or  Air b or n e  L a s er  M a p pi n g  f or 

c o di n g a s si st a n c e. P arti al f u n di n g f or t h e fir st a n d s e c o n d a ut h or s w a s 

pr o vi d e d  b y  a  f a cilit y  gr a nt  fr o m  t h e  N ati o n al  S ci e n c e  F o u n d ati o n 

( # 1 8 3 0 7 3 4)  a n d  t h e  U. S.  Ar m y  C or p s  of  E n gi n e er s  C ol d  R e gi o n s 

R e s e ar c h a n d E n gi n e eri n g L a b or at or y ( U S A C E- C R R E L).

Fi g.  6. T h er e  i s  a  str o n g  li n e ar  c orr el ati o n  b et w e e n  t h e  a b s ol ut e  v al u e  2 n d 

d eri v ati v e s  of  fl a n k  N D VI  a n d  s oil  C O 2 f r o m Fi g.  5 b.  T h e  o utli er s  ( 3 σ )  w er e 

r e m o v e d fr o m b ot h si g n al s b ef or e c al c ul ati n g t h e c orr el ati o n. T h e b e st fit li n e 

e q u ati o n a n d r 2 i s s h o w n i n t h e b o x.

N. K. G ui n n et al.                                                                                                                                                                                                                                R e m ot e  S e nsi n g  of  E n vir o n m e nt  3 1 4  ( 2 0 2 4 )  1 1 4 4 0 8  
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rse.2024.114408.
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