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Vaolcanic COg iz widely acknowledged as an important geochemical precursor for voleanic activity; howewer,
obt@ining observations through remote sensing remains a challenge. It iz well established that wolcanic COy
diffuzely degases during magma ascent, and the wolatilez interact with the ecosyztem on the surface through COy
fertilization, which can improve vegetation health. A normalized difference vegetation index (NDVI) iz a remote
zensing method that quantifies vegetation health Thiz study compared NDVI zignals from Landszar 8, MODIS,
Sentinel 2, and VIIRS to soil C0y flux signals from 5 ground-bazed BEmaGas stations on Mt. Ema from 2011 to
2018. Due to variances in sencor and spectral characterizticsz, the NDVI values were calibrated across all 4
senzors. The 2nd derivatives of NDVI and soil C0; flux highlight the timeframes of the increaze/decrease cycles
of C0z degassing, which in tum, correspond to the change in storage levels as magma rizes from an intermediate
chamber to a shallow one. Between 2017 and 2018, the 2nd dervative spikes showed 16 magma recharge events
in both NDVI and =soil CO; signals. A flank analyziz of homogenous trees across Mt. Ema showed the same 2md
derivative spike pattern for NDVI when compared to individoal EmaGas sations, indicating that treez do not
hawve to be located within 30 m of volcano-tectonic structures to be affected by diffussly escaping volcanic CO..
Thiz sudy highlights the potental of NDVI asz a remote senzing method for monitoring wolcanic ©0, emizsions,
paving the way for innovative approaches to wolcanic surveillance.

1. Introduction

2021). Additionally, ©05 degassing ie often the only precursory event of
desp magmatic intrustons sinee no or minimal deformation signals can

Carbon dioxide iz the main exsolved magmatic volatile after water
and inereazes in OO flux can act as a precursor to eruptive activity;
however, voleanic COo iz difficult to differentiate from atmospherie
sources through remote seneing (Brantley and Eoepenick, 1995; Burton
et al, 2000; Symonds et al, 2001; Aluppa et al., 2007; Liuzzo et al,
201 3). Eruptions are triggered by magma moving towards the surface
from depth, which releazes volatiles as pressure deereases (Bottinga and
Javoy, 1990; Brantley and Koepenick, 1995; Proussevitch and Sahagian,
1998; Burton et al, 2000; Gardner et al, 2000; Symonds «t al, 2001];
Aluppa et al, 2007; Liuzzo et al, 2013). OOy iz degassed carlier
compared to other volatiles due to itz low solubility in silicate melt and
iz commonly transported to the surface through faults, so it can serve as
an carly warning of voleanie activity (Farrar =t al |, 1995; Chiodini et al |
1998; Nuccio and Paonita, 2001; Liuzzo et al, 2015, 202]1; Lewicka,
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be obeerved (Gurnien et al, 2008; Liuzzo ot al, 2013; Lewicki et al,
2019]). Direct and continuous CO measurement networks on volcanoes
are valuable but are only present on ~2 % of the historically and
persistently  degassing, subaerial wvoleanoes (Burton =t al, 2013;
Schwandner et al., 2017; Aluppa et al, 2019). Many volcanocs are not
accessible for in-eitu volatile measurements or for the installation of
automatic sensors due to their remote location, hazards from voleanie
activity, costly expenses, and/or polifical unrest (Houliz et al | 2006).
Additionally, diffuse C0O2 emissions can be highly wariable within
several meters, so stationary, In-situ instruments are not able to depict
this aspect (Fernandez <t al., 1998; Marin «t al., 2005; Lewicki et al |
2017; Rahilly and Fischer, 2021). Beeause of this, ©0s iz poorly char-
acterized for many voleanie systems, highlighting the need for alterna-
tive methods for €Oy monitoring.
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Many experiments have shown a positive correlation between
photosynthesis and atmospheric CO; 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 CO5 experiments on open ecosystems with the
purpose of understanding how vegetation will react to rising atmo-
spheric CO» 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 CO5
enriched areas demonstrated that FACE experiments also reasonably
predict multigenerational plant responses with elevated COy (Saban
etal., 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). CO;
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 COy 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 CO, (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 CO5 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 *C showed that magmatic CO5 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 CO5 (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 1C and '3C to determine an excessive exposure of 63 to
243 ppm from CO; degassing (Pasquier-Cardin et al., 1999). On Tur-
rialba Volcano, Costa Rica, Bogue et al. (2019) found evidence of
isotopically heavy 3Cinwood cores of two tropical plant species along
a fault, indicating long-term photosynthetic incorporation of volcanic
COs. 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 *C 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 CO,
degassing. Furthermore, Houlie et al. (2006) identified the enhanced
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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 SO, 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 CO, 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 COy 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 CO4 degassing for a volcanic system. Additionally, the amount of
excessive CO, 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 CO,. 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 CO; flux. Volcanic CO» 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 CO3 fertilization with
trees, a high temporal resolution time series of CO5 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 CO, degassing.

This study aims to characterize diffuse CO, 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 CO, 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 CO;
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 CO; 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 CO, flux on Mt. Etna provide a unique op-
portunity to develop a temporally continuous and spatially
heterogenous model linking vegetation health and diffuse CO, emis-
sions. If a correlation can be shown on Mt. Etna, then long-term moni-
toring of NDVI could be a tool to study CO; flux through a remote
sensing approach on other vegetated as well as un-monitored volcanoes.
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2. Methods
2.1. Soil COy flux

Soil CO; flux measured by the EtnaGas stations were obtained from
the Istituto Nazionale di Geofisica e Vulcanologia (INGV). The EtnaGas
stations determine soil CO; flux through an empirical relationship that
links the mole fraction of CO5 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:

co, 32 58%°* *Cy; 63%k°6*C3 1)
where ,, is the soil CO; flux expressed in kg m 24 1 kis the nu-
merical values of the gas permeability (35 m? for Mt. Etna), and Cy is
the numerical values of molar fraction of the diluted CO5 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 CO; 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 CO; 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 ). Any filtering applied to the soil CO; 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 CO,, 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 CO; typically disseminates within a 10 to 30-m radius
(Fernandez et al., 1998; Marin 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:
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Table 1
The EtnaGas station names and locations based on the numbered labels in
Fig. la.

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 svi 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

npyr NIR_RED @
NIR RED

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 Msml 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
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Fig. 1. a: A map of Mt. Ema with the EmaGas stations as colored points (imagery: 46 cm resolution Maxar satellite photograph taken on 08-29-2022). Green colored
stations are surrounded by homogenous forestz and not near human influences, the other EmaGas stations are shown in gray. Based on the numbered location,
Table 1 expands on more EmalGas station details. Yellow and orange lines are faults and emuptive fizures. Pink triangle delineates eruptive summit craters. Black
outline iz the Mt. Ema flank boundary. The purple polygons indicate where NDWVI was averaged across the flanks of Mt. Ema. Inset map shows location of Mt. Bma
within Italy and Sicily as a pink triangle. Figz. 1b through f illustrate the tree buffers around each station. 1b) 30 m buffer around the Pemicana Fault System,
extending 1500 m east and west with the Brunek EmaGaz station as the center point. 1¢) 30 m buffer along the Ripe della Maca Faults extending the closest 1500 m to
the Ripenaca EtnatGas station. 1d) 99,000 m® area of rees between the Msm1 EmaGas station and the clozest eruptive fizsure. 1e) 300 m buffer around the Maletto
Emﬁanaﬁmmmmasmlymlﬂ251,@0mzmammaaﬁngmlymmmmmxuﬁnmlmﬂahdyMMMMWam-
vegetated lava flow. (For interpretation of the references to colour in this Agure legend, the reader iz referred to the web version of thiz article.)

Table 2
Characteristics of Landzat 8, MODIS, Sentinel-2, and VIIRS.
Satellite/ OEE product Spatial Diate firot
- FET
Landzat & U505 Landeat & Collection 2 Tier 2 N m 20130318
TOA Reflectamcs
MODIS MOD130)1.061 Tema Vegetation 50 m 2000-02-15
Indlices 16-Day Global 250 m
Gentinel-2 Harmonized Gentinel-2 MEL: 10m 20170325
MultiSpectral Instrument, Lewvel-2
A
VIIRS VNP13A1.002: VIIBS Vegetation 500 m 2012-01-17

Inddices 16-Day 500 m

size to comprise a wider range of trees when there was not a singular
feature, like a fault, for diffusely escaping gas. Both MODIS and VIIRS
have a large spatial resclution so whichever NDVI pixel overlapped with
the buffer or polygon was collected.

2.3.]. Mult-zensor NDVT calibration

NDVI can be affected by different sensor and spectral characteristies
such as sensor geometry, viewing angle, solar angle, atmosphene con-
ditions, topography/radiometric/spatial resolution (Heinzel =t al,
2006). Additionally, varying bandwidths for the red and NIR band also
play a role (Heinzel et al | 2005). Purthermore, different footprint sizes
acroes sensors Include variability as land cover can change abruptly. An
analysiz of variance [ANOVA) test, which compares several sets of
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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  Feritical)- 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 r> 0.5,
and this relationship was removed from the Landsat 8 NDVIL. 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

Table 3

The best fit regressions for each EtnaGas station. These are the equations that
resulted in an ANOVA test of Fseore  Feritical 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 Landsat 8 Landsat 8 Sentinel 2 VIIRS NDVI
Station NDVI NDVI NDVI WLt
w.r.t VIIRS w.r.t MODIS w.r.t MODIS MODIS
NDVI NDVI NDVI NDVI
Maletto y 7.58 2 y 0.03 2
11.2 -4.19 1.07 -0.9
Albano y 23 y 122 % y 042
2213 2,51 -1.12 20.2 -0.08
0.41
Brunek y 0.41 2
1.81 -1.08
Msm1 y 262 y 1.45
23.32 21.84
1.03 0.67
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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 CO5 influ-
ence at all areas on the flanks, environmental parameters were used to
filter out external influences from the calibrated NDVI and soil CO5 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 CO, 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 CO; 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 CO3 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 CO; 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 CO3 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 CO5 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 CO; 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 CO5, 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 CO; flux signals. The temperature linear regression was removed
from the impacted signal when r> 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 r? 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 CO, 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
CO4, flux was compared to the NDVI signal, which was at a much lower
temporal resolution. Consistent filtering for both NDVI signals and soil
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Table 4
The r* values of the linear regrezzion analyziz between an environmental parameter and the calibrated NDVI and =o0il CO., flux of an EmaGas station. T = temperatre, P
= pressure, rH = relative humidity, and Pr = precipitation,/active rainfall

Emailan station Calibrated NDWVI Boil Oy fux

T P rH Pr T P rH Pr
Ripenaca o6 o.oe o4 002 0z 0.05 0uDD2 0.003
Brunek 0z 0.03 0uDD2 0.03 oS5 0001 007 0005
Maletto o1z 0.03 N/A N/A oz 0.007 N/A N/A
Maom1 04 0000 0D 0.0008 o1 002 0uDD2 ool
Albano o1z 0.05 N/A N/A ouoe 0.003 N/A N/A

CO5 flux signals minimize the change of introducing biases or aliasing 3. Data & Discussion
into one of the signals. The visual effects of filtering on the time series
are in Appendix 2. 3.1. Quantitative

To better compare data across the Mt. Etna flanks, the calibrated
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Fig. 2. Calibrated NDVI and soil COy flux for Ripenaca, Brunek, Mzm1, Maletto, and Albano EmaGas stations. All signals have been rezcaled and smoothed with a 30-
day moving average filter. The wertical bars represent eruptive activity where the gray bars indicate strombolian activity, red bars indicate lava fountaining, and the
orange bar indicates a flank eruption. The Brunek Ema(Gas station is mizsing data from April 2013 to December 201 3. (For interpretation of the references to colour in
thiz figure legend, the reader iz referred to the web version of thiz article.)
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NDVI and soil COs flux signals were rescaled to their corresponding
minimum and maximum values. The buffer around the Maletto EmaGas
station had a maximum NDVI of 0.81, and the buffer nearby the Mem
EtnaGas station had a minimum NDVI of 0.60. Keeping in mind, a lim-
itation of NDVI >0.4 was applied during the GEE NDVI eollection to
remove affects from snow cover, deciduous abseission, and clouds
missed in the GEE algorithm. The Brunck EtnaGas station measured the
maximum soil CO2 flux at about 0.53 ﬁ- and many EinaGas stations
mmxumduﬁaasth:mjnimmﬁﬂﬂ-daym{wingmsmmﬂmdﬂu
resealed zignale for both calibrated NDV] and soil COg flux (Fiz. 2).
Ripenaca and Brunck EtnaGas stations both have chortened datasets: the
former was stolen In August 2015, the latter due to mamntenanes izsues.
Eruptive activity for the 2011-2018 time period is eplit into strombolian
activity, lava fountaining, and flank eruptions, which was reviewed by
Giuffrida et al. (2023) and summarized by the Global Volcanmism Pro-
gram (GVP; httpe://voleano. sl edu/voleano cfm?vn=211060). It was
expected that the soil CO5 flux signals of the 5 stations vary in pattern
and magnitude sinee each station measures at a different location on the

Ripenaca: 2nd Derivatives
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Mt. Etna flank, overlying different tectonic systems and geologic fea-
tures, ag also seen in Liuzzo ot al (20]13). Additionally, the Brunek
EtnaGas station, which iz positioned the closest to the most active fault
gyetem, has the owverall largest magnitude soill CO; flux values
each station’s soil COs flux and NDVI. Specifically, the inerease and
decrease sequences seem to comrespond in time (Fiz. 2). Photosynthetic
activity of plants exposed to CO5 emissions and sunlight typically have a
time lag of 1-2 h (Juric et al, 1984). Liuzzo =t al. (201 3) modeled two
end member scenarios of Mt. Ema degassing showing a eystematic in-
crease/decrease eyele of soil CO2 flux. One end member entails the rse
of magma from depth towards an intermediate storage chamber, imiti-
ating the exeolution of CO2 volatiles which are diffusely released on the
lower flanke of Mt. Eina_ The EmaGas stations measure this as a relative
inerease in 501l CO2 flux. The magma continues to rse towards shallow
magma chambers and sometimes erupts onto the surface. This results in
a relative decrease of soil CO5 flux measured by the EmaGas stations
since most of the CO5 has been exsolved and diffusely released at this
point. The other end member involves stationary magma at depth where
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Flg. 8. Ind derivativez of the calibrated NDVI and zoil CDy Aux for the EmaGas statons. The wertical bars represent eruptive activity where the gray bars indicate
strombolian activity, red bars indicate lava fountaining, and the orange bar indicates a flank eruption. The Brunek EmaGaz station is missing data from April 2013 to
December 2013. (For interpretation of the references to colour in thiz figure legend, the reader iz referred to the web version of thiz article.)
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CO5 degases until there are minimal CO5 volatiles left, resulting in the
inereass/decrease shape of soil CO5 flux at the EtnaGas stations (Livzzo
et al, 2013). These increase/decrease eyveles were confirmed in a study
from 2004 to 2012 on Mt. Ena, which correlated the cycles to voleanic
actvity at the summit eraters (Livzzo =t al | 2013}, as well as in subse-
quent erupbions (Gurrieri =t al, 2021; Paonita et al, 2021} In thie
present study, these same Increase/decrease cyeles appear in both cali-
brated NDVI and =zcil CO5 flux signals at all etations (Fig. 2).

Taking into account the positive relationship between CO2 flux and
NDVL, an assessment of the consistency of the two signals was conducted
in relation to the rate of change of their respective magmtudes. To
achieve thiz objective, we caleulated the second denivative to analyze
the fluctuations in the rate of change of soil CO2 flux and NDV] over time
(Appendix 1). Specifically, we aimed to determine degassing aceelera-
tion as a proxy for volcanie input and evaluate ite potential Impact on
vegetation by examining the correlabion with NDVIL. The zoil CO5 flux
signal was resampled to match the temporal rezolution of the calibrated
NDVI eignal before caleulating the 2nd derivative, which was 7 + 3
daye. For better graphic comparizon, all 2nd denvatives for calibrated
NDVI were negated and the absolute value was taken for all 2nd de-
rivatives of soil CO5 flux in order to have a reflection of signals on the x-
axiz (Fiz. 3). In all cases, low magmitude 2nd derivatives of soil CO5 are

Msml: 2nd Derivatives
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reflected by low magnitude 2nd derivatives of NDVI, and every time
there 15 a large spike in the soil CO5 2nd dernivative, there iz one for NDVI
at the same time. Spikes in the 2nd derrvative indicate rapid changes in
the rate of change such az sudden escalations or de-csealations.
Starting in 2017, both NDVI and =cil CO; 2nd dervatives have large
and more frequent fluctuations (Fiz. 4). Ripenaca and Brunck EmaGas
stations are not considered because they have no and partial data
covering thiz ime period, respectively. Larger 2nd denvative spikes
indicate a sharp inflection point in the change from increasing to
decreazing trend for the calibrated NDVI and soil CO5 flux. As for vol-
canic activity, the 2017-2018 peniod 1= deseribed by mostly quiescent
periods with minor effusive activity including a 3-day flank eruption at
the end of December 2018 (Gurrien et al., 2021 ; Guffrida et al , 2023).
A comprehensive analyzie of soil COs degassing from the EinaGas sta-
tions, voleanic activity, and seizmic activity can be found in Gurrien
et al (202]1); this more detailed activity iz displayed In Fiz. 4. It 1=
important to note that during thiz period of quiescence, the Einean
plumbing system underwent an extended phase of extracrdinary pres-
sunization in ite deepest regions (Gurrier =t al, 202]; Paonita et al,
2021). This resulted in a short-duration flank eruption, which had a
significant impact on surface fracturing Additionally, the event was
accompanied by a period of heightened seismie activity, culminating in
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Flg. 4. Ind derivatives of calibrated NDVI and soil COy flux post 2017 for 3 EmaGas stations. The red wertical bars reprezent effuzive eruptive actdvity such as lava
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the M,, 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; Biiyiikakpinar et al., 2022).

Within this shortened timeline, Fig. 4 shows that with every soil CO;
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 CO;
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 COy, flux signals. While Albano and Msm1 EtnaGas stations have the
same number and dates of spikes, Maletto is missing 3 spikes in both the
CO4 and NDVI 2nd derivative signals, likely reflecting the heterogeneity
of various subsurface degassing pathways. Additionally, there are a few
instances where the soil CO, 2nd derivative shows no spike for one
EtnaGas station but does for the other 2 EtnaGas stations. For example,
on 10-16-2017, soil CO 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
CO;, spikes (06-18-2017, 10-24-2017, and 01-18-2018). There is never
an instance when NDVI spikes without a simultaneous CO3 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
CO degassing, and the degassing activity as a whole might still influ-
ence NDVI independent of the specific site where the CO, 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
etal. (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 CO, and NDVI signals. In other words, the spikes in the 2nd

Table 5

Dates of soil CO, 2nd derivative spikes in Fig. 4. Asterisk denotes when a soil CO5
2nd derivative spike did not exist for that individual station, but an NDVI spike
was present. Blank boxes indicate that no soil CO, 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
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derivative identify the times of the switch from increasing to decreasing
trends in the soil CO3 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 CO, 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 CO; 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 CO, 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 atr? 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 CO, signal that will be hereby referenced as the flank soil CO signal
(Liuzzo et al., 2013; Gurrieri et al., 2021). The flank signal was calcu-
lated using the equation from Liuzzo et al. (2013):

n ot min
n L i
Norm t i1 max ;nin (3)
13 1
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 CO5 signal calculated
by Eq. (3) were compared with the 2nd derivatives of the flank NDVI
(Fig. 5b). The 2nd derivative flank CO, 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
CO4, 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 CO, spikes and NDVI spikes
throughout 2011 2018 (Fig. 5b). There were 2 additional NDVI spikes
without concurrent CO, 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 CO, 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 CO5 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 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 226 %304 093 y 087 2089 022
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Mt. Etna flank NDVI and soil CO, flux
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Flg. 5. a. Calibrated NDVI values from all the trees on the upper flanks of Mt. Ema from Fig. la in green and the rezcaled flank soil COy flux caleulated by Eq. (3)
from Maletto, Mzm]1, and Albano EmalGas stations in blue. The thin, gray lines represent the same spike as Fig. 4 and Table 5. The thin, orange lines indicate the
additional spikes of C02 and NDVT 2nd derivatives from Fig. 5b. The 2nd derivative spikes occasionally do not line up with peaks in the calibrated NDVI and rescaled
flank soil COz flux due to the concentration of data points (Appendix 1). 7b) Negated 2nd derivatives of the flank NDVI signal from Fig. 5a in green and the 2nd
derivative abzolote values of the flank soil GOy flux from Fig. 5a in blue. The thin, gray lines represent the same spike as Fig. 4 and Table 5. The thin, orange linez
indicate the additional spikes of COy and NDVT 2nd derivatives. (For interpretation of the references to colour in thiz figure legend, the reader is referred to the web

werzsion of this article )
4. Application

NDVI can be collected all over the world with a variety of airborne
and spaceborne sensors and eatellites in the absence of clouds cover,
highlighting the ease of remote data collection and temporal frequency.
Mt Etna iz one of the only voleanoes in the world with several contin-
uous so0il CO5 flux sensors on ite flanks and enough data to characterize
the behavior of CO; degassing with voleanic achwity. Diffuze COo
degaszing 1z inadequately measured for many volcanie systems, but
assessing the NDVI signals of vegetation on voleanoes can fill in some of
health for different species and growing seasons iz understood.

When applying the 2nd denvative NDVI method to other vegetated

10

volcanoes, many factors need to be considered. It iz important that trees
are not close to human influences like agneulture and neighborhoods. If
multiple sensors are used to caleulate NDVI, an intercalibration tech-
nique will need to be applied to normalize NDV] across sensors. While
temperature was the main environmental parameter affecting NDVI on
Mt. Etna, thiz may not be the case on other volecanoes with different
ecocystems. Other environmental factors like atmospheric pressure,
precipitation, and other stressors can have effects on trees. Additionally,
the NDVI collections on Mt. Etna only used deciduous and coniferous
trees. More rescarch needs to be done on tropical trees and how they
react to volecanic CO5. Past isotopic studies have shown that tropical
plantz incorporate wvoleanie C0O; into their photosynthesiz proceszes
[Bogue et al, 2019), indicating the potential that tropical systems may
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react in a similar fashion for NDVL Future FACE experiments in the
Amazon will reduee uncertainties of tropical plant ecosyetem response
to projected, atmosphenic CO3 levels (Hofhansl =t al., 2016). Further-
more, groups of trees over at least several pixels depending on the spatial
resolution of the imagery should be used when averaging NDVI and
applyving a filter of NDVI =0.4 to remove snow, clowds, and deciduous
abscizsion outliers. The groups of trees should be homogenous, without
large spaces for bare ground or grass that would artificially lower the
NDVL Using large polygons to average NDVI highlizghts the applicability
of low spatial resolution imagery ke MODIS and VIIRS to conduct the
NDVI timeserics assessment.

Just as different ecosystems are variably influenced by external pa-
rameters, each volcanic system also varies. Mt Eina iz likely an end
member situation since the trees reflected the same 2nd derivative
pattern on the upper flanks no matter the proximity to voleano-tectonie
structures. Further comparative studies are needed in voleanic systems
beyvond Etna to better understand the potential differences in the im-
pacts of emissions on vegetative areas. It 1z Likely that the extent and
magnitude of OO outgassing, as well as the presence of other gaseous
species such as hydrogen halides, Auorides, 505, and Hs8, could have a
significant influence on the NDVI in areas with significant degassing of
geothermal ongin (Wardell et al |, 2004; Nelson and Sewake, 2008;
D’ Arcy et al, 2019; Linhares ot al , 2019; Cadoux et al., 2022; Bogue
et al, 2023). HsS iz a commonly released volatile and impairs root
growth in plants (MNelzon and Sewalke, 2008). Hydrogen halides and 502
casily dizsolve In water and can produce acid rain, causing leaf
impairment (' Arcy et al, 2019; Cadoux =t al | 2022). A high concen-
tration of fluorides can cause necrosie amd leaf loss (Linhares et al |
2019). However, most of these gases generally have a localized impact
near hydro/geo-thermal areas or near the voleano crater vent, whereas
CO3 iz widespread on all sides of voleanic areas and has the potential to
affect enormously large areas. These gases are not typically present in
voleanic contexts such az Etna, and their impact on vegetation should be
explored In different types of voleanic systems. For example, plants
exposed to ach emizsions downwind of the plume of Turrialba Voleano,
Costa Rica, were affected by voleanic 505 and CO5, stressing the need to
take Into account all gaseous species (D'Arcy =t al, 2019). As an
oppoeite end member, the tree kill areas in Yellowstone are spatially
constrained by the surficial expressions of faults and fractures. The
voleano-tectonic structures control the movement of flude from the
source to be released in concentrated amounts at the surface (Vauzhan
etal, 2020). Particularly, inside the Tern Lake thermal area, the tree kall
zones had anomalous NDVI signals when compared to trees outside the
thermal area, indicating beneficial influence from diffuse voleanie wol-
atilez before death (Bogue ot al, 2023). While the voleano-tectonie
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setting was not needed to understand the NDVI siznal on Mt. Etma, it

will be crucial for other systems especially with a strong hydre/
geothermal activity component.

5. Conclusion

The so1l CO; flux of 5 EmaGas stations and co-located NDVI signale of
nearby trees were compared to assess any correlation. The NDVI and soil
CO2 flux signale show repeating increase/decrease cyeles, or pulses of
diffusely degaseed, voleanie CO5 releasing at the surface depending on
changes in the magma storage levele. The 2nd denvative spikes of both
NDVI and seil CO; flux in 3 EmaGas stations distinguizh 16 magma
recharge events from 2017 to 20158. The 2nd denvative epikes can be
used as a imestamp for changing magmatic storage levels. An entire
flank analyzis of homogenous trees across Mt. Eina showed the same 2nd
denivative spike pattern for NDVI, indicating that trees do not have to be
located near volcano-tectonic structures to be affected by diffusely
escaping voleanie COy. This NDVI method has the potential to be appli=d
to other wvegetated wolcanoes that lack intensive CO5 monitoring
considering tree type, environmental parameters, and typical volcanic
syetem behavior. The effectivencss of thiz technique 1z particularly
noteworthy when applied in wvoleanic regions where ground-based
momtoring eystems for CO; emissions are challenging to implement,
such as economically dizadvantaged countries or those with political or
social obstacles that impede the establishment of a comprehensive
monitoring network. Additionally, the capacity to remotely monitor
voleanic CO; emissions eliminates the logistics and risks associated with
aceessing and mamntaiming instruments in voleanic areas that are diffi-
cult to reach but pose significant risks to people living in their vicinity,
such as some voleanoes in Central America or Africa. This study 15 the
firet of itz kind to show an in-depth correlation between the NDVI of
trees, voleanic CO=, and magmatic activity.
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