
Journal of Volcanology and Geothermal Research 417 (2021) 107312

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

j ourna l homepage: www.e lsev ie r .com/ locate / jvo lgeores
Testing gas dispersion modelling: A case study at La Soufrière volcano
(Guadeloupe, Lesser Antilles)
Silvia Massaro a,b,⁎, Fabio Dioguardi c, Laura Sandri a, Giancarlo Tamburello a, Jacopo Selva a, Séverine Moune d,e,f,
David E. Jessop d,e,f, Roberto Moretti d,e, Jean-Christophe Komorowski d, Antonio Costa a

a Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Bologna, Italia
b Istituto di Geologia Ambientale e Geoingegneria, Consiglio Nazionale delle Ricerche, Area di Ricerca Roma 1, Sede Montelibretti, Italia
c British Geological Survey, The Lyell Centre, Edinburgh, United Kingdom
d Université de Paris, Institut de Physique du Globe de Paris, UMR CNRS 7154, Paris, France
e Observatoire Volcanologique et Sismologique de Guadeloupe, Institut de Physique du Globe de Paris, Gourbeyre, Guadeloupe
f Université Clermont Auvergne, CNRS, IRD, OPGC Laboratoire Magmas et Volcans, F-63000 Clermont-Ferrand, France
⁎ Corresponding author at: Istituto Nazionale di Geofi
Bologna, Italia.

E-mail addresses: silvia.massaro@ingv.it, silvia.massaro

https://doi.org/10.1016/j.jvolgeores.2021.107312
0377-0273/© 2021 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 November 2020
Received in revised form 5 June 2021
Accepted 9 June 2021
Available online 11 June 2021

Keywords:
Passive gas dispersion
Numerical modelling
ERA5 reanalysis
Mass consistent wind model
La Soufrière de Guadeloupe
Volcanic gas dispersal can be a serious threat to people living near active volcanoes since it can have short- and
long-term effects on human health, and severely damage crops and agricultural land. In recent decades, reliable
computational models have significantly advanced, and now they may represent a valuable tool to make quan-
titative and testable predictions, supporting gas dispersal forecasting and hazard assessments for public safety.
Before applying a specific modelling tool into hazard quantification, its calibration and its sensitivity to initial
and boundary conditions should be carefully tested against available data, in order to produce unbiased hazard
quantifications. In this study, we provided a number of prototypical tests aimed to validate the modelling of
gas dispersal from a hazard perspective. The tests were carried out at La Soufrière de Guadeloupe volcano, one
of the most active gas emitters in the Lesser Antilles.
La Soufrière de Guadeloupe has shown quasi-permanent degassing of a low-temperature hydrothermal nature
since its last magmatic eruption in 1530 CE, when the current dome was emplaced. We focused on the distribu-
tion of CO2 and H2S discharged from the threemain present-day fumarolic sources at the summit, using themea-
surements of continuous gas concentrations collected in the period March–April 2017. We developed a new
probabilistic implementation of the Eulerian code DISGAS-2.0 for passive gas dispersion coupled with the
mass-consistent Diagnostic Wind Model, using local wind measurements and atmospheric stability information
froma localmeteorological station and ERA5 reanalysis data.We found thatmodel outputswere not significantly
affected by the type of wind data but rather upon the relative positions of fumaroles and measurement stations.
Our results reproduced the statistical variability in daily averages of observed data over the investigated period
within acceptable ranges, indicating the potential usefulness of DISGAS-2.0 as a tool for reproducing the observed
fumarolic degassing and for quantifying gas hazard at La Soufrière. The adopted testing procedure allows for an
aware application of simulation tools for quantifying the hazard, and thus we think that this kind of testing
should actually be the first logical step to be taken when applying a simulator to assess (gas) hazard in any
other volcanic contexts.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Volcanic gases are mixtures of volatile compounds generated by
magmas exsolving volatiles at low pressures during their ascent and
storage near the surface. The solubilities of volatile components demand
that gas compositions are dominated by the more melt-soluble compo-
nents (such as H2O, SO2 and halogens), with CO2 solubility decreases as
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. This is an open access article under
magma decompresses and ascends up to the surface. However, even for
open-conduit-volcano, processes aremore complicated than this simple
sketch. On onehand, depending on the state of the volcano and its inter-
nal dynamics, volcanic gas compositions sum-up the degassing from
shallow magma and the deeper portions of the plumbing system,
down to the magma chamber (e.g., Symonds, 1994; Oppenheimer
et al., 2011; Moretti et al., 2013; Aiuppa et al., 2007, 2010, 2016,
2017a; Erfurt-Cooper, 2018). On the other hand, at closed-conduit and
generally andesitic volcanoes, we observe focused vents (fumaroles) re-
leasing in atmosphere steam-rich (>90% vol; e.g., Giggenbach, 1996)
compositions that reflect the sharp physico-chemical change from the
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magma resident in the crust towards the shallower low-temperature
and low-pressure environment dominated by brines and hot water
rather than melts (e.g., Giggenbach, 1996; Moretti and Stefansson,
2020 and references therein).

Although the impacts from large volcanic eruptions on the global en-
vironment have been widely studied (e.g., Hofmann, 1987; Grattan and
Pyatt, 1999; Parker et al., 1996; Oppenheimer, 2002; Self, 1845), those
of lower tropospheric emissions from persistently degassing volcanoes
still remain poorly known. On a time-averaged basis, gas emissions
from persistent passive volcanic degassing greatly exceed those
from sporadic eruptive activity (e.g., Andres and Kasgnoc, 1998;
Oppenheimer et al., 2003), producing significant long-term (years to
decades) effects at local and regional scales, both on humans and the
environment (e.g., Tortini et al., 2017 and references therein).

The dispersion of gas denser than air released from a given source is
governed by gravity and by dilution through mixing with ambient air
from the plume margins, which decreases density. Close to the source,
buoyancy controls the gas transport (e.g., Hankin and Britter, 1999;
Costa et al., 2008; Folch et al., 2009), but when the density contrast be-
comes negligible, gas dispersion is basically governed by the wind and
atmospheric turbulence (passive dispersion). In order to capture all
the dispersion regimes, numerical models need to solve the complete
3D equations system for mass, momentum, and energy transport
(e.g., Macedonio and Costa, 2002; Cortis and Oldenburg, 2009). How-
ever, in conditions of passive dispersion regime, simplifying assump-
tions can be made since gases are driven by wind advection and
atmospheric turbulence, making the problem computationally easier
(e.g., Costa et al., 2005; Costa and Macedonio, 2016).

Although the advances carried out in the past two decades
(e.g., Scire et al., 2000; Stein et al., 2015; Folch et al., 2017), the evalua-
tion of accurate location,magnitude and timing of ground-level concen-
trations is far from being achieved. Errors in predictions are introduced
into results by the approximations associated with the physics and
formulation used to model dispersion, and by the uncertainty on input
parameters, such as source emission (e.g., Venkatram, 1981) and mete-
orological data (e.g., Lewellen and Sykes, 1989; Dabbert and Miller,
2000).

Since gas dispersal is controlled by local wind fields and atmo-
spheric turbulence, the study of the short-lived phenomena smaller
than mesoscale (i.e., micrometeorology) represents one of the most
significant factors in determining the quality of results along with
the suitability of themodel and the availability of accurate information
on the gas source (e.g., Boybeyi and Raman, 1995). However, the is-
sues that determinewhether or notmodels will providemore realistic
results vary from case to case. As a starting point, validation studies are
strictly required to provide some guidance on how to properly use
these models to forecast gas dispersion and how to quantify the asso-
ciated uncertainties.

In this study, we tested the capability of DISGAS-2.0 (Dispersion of
GASes; Costa and Macedonio, 2016) to be applied in a hazard perspec-
tive, i.e., its ability in reproducing the correct order of magnitude and
variability (e.g., Tierz et al., 2016) of gas concentrations dispersed
from the summit dome fumaroles on La Soufrière de Guadeloupe
(Fig. 1a-b), which is currently the secondmost active emitter of volcanic
gases in the Lesser Antilles island arc, after Soufrière Hills inMontserrat.
The volcano has been in unrest since 1992 and represents the most im-
portant volcanic hydrothermal system of the region whose present-day
fumarolic activity is dominated by a passive dispersion regime.

Here, we aimed to reproduce the order of magnitude and variability
in daily averages of CO2 and H2S concentrations on the main active fu-
maroles: i) Gouffre-56 (G56); ii) Tarissan (TAS); iii) Cratère Sud (CS)
(Fig. 1). Taking into account Tamburello et al. (2019), we focussed on
the time interval from 29/03/2017 to 10/04/2017, a period covered by
continuous and simultaneous gas concentration measurements at
these three sources. Since for this period there are no contemporary
measurements of gas flux and composition at the sources, we used the
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available gas flux data in literature (Allard et al., 2014; Tamburello
et al., 2019) accounting for the related uncertainty. Additional uncer-
tainty derives from used wind field due to the resolution of the Digital
Elevation Model (DEM). This type of uncertainty, sometimes defined
as “parametric” (e.g., Rougier and Beven, 2013; Tierz et al., 2017), was
modelled by running DISGAS-2.0 on different wind models and/or
DEMs, and stochastically varying the gas fluxes and molar ratios for
each source. The goal of this study is to quantify how much the daily-
average concentrations are affected by these uncertainties, and if the
model suitably reproduces the statistics of the observations.

2. Geo-volcanological context and hydrothermal activity

La Soufrière de Guadeloupe (herein referred to as La Soufrière) is the
most recent volcanic edifice belonging to the Grande Découverte volca-
nic complex built during the past 445 ka (Komorowski et al., 2005).
Magma composition is very homogeneous and represented essentially
by medium K-calc-alkaline basaltic andesites and andesites (Boudon
et al., 2008; Pichavant et al., 2018). It is an active explosive volcano
that experienced magmatic and non-magmatic phreatic eruptions in
the past (Feuillard et al., 1983; Komorowski et al., 2005; Legendre,
2012; Moretti et al., 2020a). The present lava dome was emplaced
about 500 years ago, following eight dome collapse events that occurred
over the past 8500 years (Komorowski et al., 2005; Boudon et al., 2008),
often caused by blasts of hydrothermal fluids expanding laterally at es-
timated speeds of 100–230m s−1 (Feuillard et al., 1983; Villemant et al.,
2014).

The coexistence of an activemagma chamber and abundant ground-
water fed by a tropical-climate rainfall regime (7–10m y−1 on the sum-
mit area; OVSG-IPGP Bilan mensuel de l'activité volcanique de la
Soufrière de Guadeloupe et de la sismicité régionale, 1999–2013) has
led to the formation of a well-developed hydrothermal system with
persistent manifestations (i.e., fumaroles, solfataras, hot springs) at
sites where heat is preferentially transported to the surface (Boichu
et al., 2011; Ruziè et al., 2012; Gaudin et al., 2013; Brothelande et al.,
2014; Villemant et al., 2014; Allard et al., 2014; Rosas-Carbajal et al.,
2016; Tamburello et al., 2019; Moretti et al., 2020a, 2020b; Jessop
et al., 2021), as commonly observed atmany volcanoes in hydrothermal
stage (e.g. Brombach et al., 2001; Chiodini et al., 2001; Hernàndez et al.,
2012; Rissmann et al., 2012; Di Napoli et al., 2009; Moretti et al., 2018;
Harris et al., 2013; Sigurdsson et al., 2015). The historical activity has
been characterised by several intermittent non magmatic steam-
driven phreatic eruptions (e.g., 1690, 1797–98, 1812, 1836–37, 1956
and 1976–77 CE, Komorowski et al., 2005). The last 1976–77 eruption
was interpreted as a stillborn (or failed) magmatic eruption
(e.g., Villemant et al., 2005; Boichu et al., 2008, 2011; Ruzié et al.,
2012) where a small andesitic magma volume stopped its ascent ap-
proximately 3 km below the surface.

The historical temperature record shows that fumarolic vents typi-
cally have temperatures corresponding to saturated steam vapour at
the pressure of the summit (95 °C), with short-lived fluctuations up to
140 °C during 1999–2000 (Moretti et al., 2020a). After the 1976–77
eruption, a decline of fumarolic activity was observed both on the sum-
mit and at the base of the lava dome until 1992, when a progressive in-
crease of degassing occurred (Zlotnicki et al., 1992). Since 1996–97,
activity has intensified at the summit (Komorowski et al., 2001, 2005;
Fig. 1b), whilst flank activity has all but vanished (Zlotnicki et al.,
1992; Moretti et al., 2020a; Jessop et al., 2021; OVSG-IPGP Bilan
mensuel de l'activité volcanique de la Soufrière de Guadeloupe et de la
sismicité régionale, 1999–2013).

More recently, fumarolic activity resumed at Gouffre-56 in 2007
(Fig. 1b) and new sources appeared in the summit area between 2011
and 2016 (Brothelande et al., 2014; Tamburello et al., 2019). This recent
hydrothermal activity is compatible with an increasingly vapour-
dominated system favourable to local destabilization, as shown by at
least two small explosions that occurred in 2016 in the Napoléon Est



Fig. 1. a)Map of the summit La Soufrière deGuadeloupe volcano (1467masl) showing themain geological features (1956 fractures, Cratère Sud, Fente duNord, Nord-Ovest, Faujas, and La
Ty fault), the location of the active fumaroles (red stars) b) photo of the main active fumaroles (Cratère Sud, 1992; Gouffre-56, 2007; Napolèon crater and fractures, 2003; Tarissan, 2000;
Lacroix fractures, 2011) modified fromMoretti et al., (2020b) and Jessop et al. (2021), and the meteorological station Piton Sanner (1411 m asl); c) Computational domain (ca. 3 km × 3
km) used for numerical simulations. The grid used is set 200× 200 (resolution=15m). The three investigated sources (Cratère Sud, CS; Tarissan, TAS; Gouffre-56, G56) are shown as pink
dots; d) Magnification of the summit dome area where are shown the location of the fumarolic sources (red stars; G56: 643531 E, 1774515 N; TAS: 643396 E, 1774549 N; CS: 643481 E,
1774456 N), the IPGP measurement stations (green dots; G56: 643545 E, 1774499 N; TAS: 643388 E, 1774541 N; CS: 643489 E, 1774441 N) and the control point located at the south-
western flank (yellow dot; 643,108 E; 1,774,190 N); e) Position of the fumarolic sources (red stars) and stations (tracking points, green dots) on the cells (i,j) of the 15 m-resolution
computational grid.
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(NAPE in Fig. 1a) vent (Le Gonidec et al., 2019). From 2012 to 2016, the
total gas flux increased at CS and TAS vents, while at G56 varied from
below detection limit to values that are comparable to the gas flux
from TAS (e.g., Allard et al., 2014; Tamburello et al., 2019). Since 2016,
measurements show constant gas fluxes at TAS and CS, with mean
3

values of 5.7 ± 1.6 and 7.5 ± 1 t/d, respectively. Taking into account
the high error (about 40%) on the flux determination (Tamburello
et al., 2019; Jessop et al., 2021), the gas fluxes at G56 can be considered
overall steady, despite a noticeable variability for short periods of time
(4.7 ± 2.6 t/d; Moretti et al., 2020b).
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In particular, a recent, complete inventory of the heat flux
discharged by the dome (particularly its partitioning between fuma-
rolic, soil diffuse and hot spring fluxes) has shown that, whereas fuma-
rolic output from the main sources has slowly declined over the past
decade, the emergence of new sites, the concurrent increase in soil tem-
perature, and the extent of vegetation decay on the volcano has meant
that the overall heat budget has increased from 29.8 MW to 36.5 MW
between 2010 and 2020 (Jessop et al., 2021).

3. Methods

3.1. Gas measurements

Data acquisition at La Soufrière is often complicated by unstable
weather (high rainfall rate, humidity commonly close to 100%; Allard
et al., 2014). The summit of this volcano (1467 m above sea level) is
the highest in the Lesser Antilles. As such, weather conditions can
change rapidly: sunny intervals alternatewith episodes of fog and occa-
sional rain, and trade winds generally blowing from the northeast can
vary suddenly in speed. Wind speed is a key parameter and its uncer-
tainty is the main source of uncertainty in quantifying volcanic gas
fluxes (McGonigle et al., 2002; Jessop et al., 2021), therefore the collec-
tion of gas concentrations and flux measurements under stable meteo-
rological conditions are quite exceptional on top.

The Observatoire Volcanologique et Sismologique de la Guadeloupe
and Institute de Physique du Globe de Paris (OVSG-IPGP) uses routinely
the Multi-component Gas Analysing System (MultiGAS, Aiuppa et al.,
2005; Shinohara, 2005) which is composed by a light and compact de-
vice with an infrared spectrometer and electrochemical sensors that al-
lows simultaneous analysis of H2O, CO2, SO2, H2S andH2mixing ratios in
air-diluted volcanic plumes. It is used for discrete measurements but
also for permanent gas surveys that are currently operated on several
volcanoes worldwide (e.g., de Moor et al., 2016; Aiuppa et al., 2007,
2010, 2017a, 2017b). Moretti et al. (2020b) evidenced the good match
between on-site MultiGAS measurements and the analyses from direct
sampling of low-temperature fumaroles, although someminor, but sys-
tematic, departures can be observed. The latter are related to secondary
phenomena, such as gas scrubbing fromwater droplets in air and diffu-
sive gradients in the MultiGAS sampling line imposed by the inlet filter
and the pump.

Allard et al. (2014) and Tamburello et al. (2019) used portable
MultiGAS to determined the fumarolic gas fluxes and compositions by
walking transects perpendicular to the three main vents (CS, TAS, and
G56; Fig. 1c). A derived integral of the total gas distributed along each
plume cross-section (the integrated column amount) is thenmultiplied
by the averagewind speed (see Tamburello et al., 2019 formore details)
to obtain the gas flux. Water vapour greatly prevails (~86–97%) in all
gas mixtures emitted at above or near the water boiling temperature
(96 °C) at ambient elevation, while CO2 is the second most abundant
component, followed by H2S (Tamburello et al., 2019; Moretti et al.,
2020a, 2020b).

Jessop et al. (2021) reported that some temporal variability of steam
fluxes could be due to the different ambient humidity andweather con-
dition at the summit between field measurements and occasional par-
tial steam condensation on the external sensors. However, this
condensed water is not taken into account by the MultiGAS measure-
ments. It has been shown that, in such tropical conditions, properly ac-
counting for the condensed water additionally adds approximately 40%
to the steam flux estimations, an increase which we considered in our
simulations.

Despite the fact that the derived CO2 and H2S fluxes are affected by
these changing conditions, they can be considered as constant values
at single vents on time scales of a few days, months and even years, if
no change of magmatic conditions occur, despite variable waterfalls
and althoughwe are aware that changes in thewater table could change
them.
4

Proximal gas concentrations at each fumarolic site were recorded
with the OVSG-IPGP network of permanent MultiGAS stations. These
stations are located a few meters from each emission point (643,545
E; 1,774,499 N at G56, 643388 E; 1,774,541 N at TAS, and 643,489 E;
1,774,441 N at Cratère Sud, considering the UTM coordinate system,
sector 20N, Fig. 1a). Each stationwas equippedwith an infra-red sensor
for CO2 (model Gascard NG, range 0–5000 ppmv, accuracy ±2%), two
electrochemical sensors for H2S and SO2 (City Technology, sensor type
T3ST/F for SO2, range 0–50 ppmv, accuracy of ±2%, resolution 0.1
ppmv, and TC4F-1A for H2S, range 0–100, accuracy of ±2%, resolution
0.1 ppmv). Each sensor was calibrated using standard gas mixtures in
the laboratory of the local volcanic observatory (OVSG-IPGP) before in-
stallation. A Campbell Scientific CR6 data-logger followed a duty cycle
schedule and recorded data at 1 Hz for a 20 min-long period every six
hours, data were periodically transmitted to the OVSG. All sensors and
data-logger were housed inside a water-proof aluminium box (33 ×
23 × 18 cm), with the external volcanic gas-air mixture pumped at
~1.5 l/min by a membrane pump via silicon tubing and connected to 1
μm filter to prevent water entering inside the tubes. The gas inlet was
placed at ~1 m height above the ground. The system was powered by
a 12 V (~100 Ah) lithium battery stored in a polypropylene water-
proof box (56 × 86 × 33 cm) together with the aluminium box. Acqui-
sitions ran for 20 min every 6 h, apart for a few days for which the
measurements were shorter (2 min) due to detection of low volcanic
gas (H2S concentration < 2 ppmv).

3.2. Numerical model

Atmospheric gas dispersion can be described by solving equations
for the conservation of mass, momentum, and energy (the Navier-
Stokes equations) in 3D, for each species of gas. However, in practice,
several simplifications, which describe only specific phases or aspects
of gas transport, are commonly used (e.g., Costa and Macedonio,
2016). Passive dispersion approach is used when the gas is diluted
enough with respect to the surrounding atmosphere, and the validity
of such an approximation can be assessed by estimating the Richardson
number:

Ri ¼ 1
v2

g0q
R

� �2
3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 ρg−ρað Þ2

ρ2
a

q2
3

r

v2R
2
3

ð1Þ

where g is the gravity acceleration, ρg and ρa are the air and the gas den-
sities respectively, q is the volumetric flow rate, R the plume size
(e.g., plume radius), and v is the wind velocity at the reference altitude
(i.e., 10 m). For Ri < 0.25 transport is substantially passive whereas for
Ri > 1 is mainly density driven (Cortis and Oldenburg, 2009; Costa
et al., 2013). In our case, the passive condition at source is ensured since
the fumaroles (mainly composed of H2O, CO2 andH2S) have amean gas
density of ca. 0.54 kgm−3 at T=100 °C, and P=900mbar, and the air
density is ca. 1.03 kg m−3 (at T = 18 °C, P = 900 mbar). For instance,
considering a maximum gas flow rate used in this work (0.043 m3

s−1; see Table 1) in calm wind conditions (0.5 m s−1), for a plume size
having a radius R of ca. 30 m, we have Ri ≈ 0.15.

According to this approach, gas transport is off-line coupledwith the
output of the mass-consistent Diagnostic Wind Model (DWM; Douglas
et al., 1990) for the wind field over a realistic topography model. The
DWM generates wind components (u, v, w) at several user-specified
vertical levels for a specified time, incorporating local surface and
upper-air wind observations, where available, and providing some in-
formation on terrain-induced air flows in regions where local observa-
tions are absent. In particular, the generation of the wind field is
obtained by a two-step procedure. Step l produces a spatially varying
gridded field of wind components (u, v, w) for each vertical layerwithin
the modelling domain. Step 2 combines the gridded wind field gener-
ated in step l with available observational data to produce a final



Table 1
H2O fluxes (kg s−1) sampled by the ECDF (Appendix B) for G56, TAS and CS sources. For each source, the flux values have been sampled once a day, for each of the 11 simulations. All the
sampled fluxes have been increased by 40% in order to take into account the underestimation provided by MultiGAS.

Gouffre-56

G56 29/03/17 30/03/17 31/03/17 01/04/17 02/04/17 03/04/17 04/04/17 05/04/17 06/04/17 07/04/17 08/04/17 09/04/17 10/04/17

flux 0 1.778 0.6706 0.602 1.204 1.036 0.672 2.016 0.952 1.414 1.218 0.63 13.3 0.476
flux 1 0.35 20.51 0.7 1.68 0.6706 1.68 1.3566 1.0192 2.0664 0.7196 2.0664 0.7196 20.51
flux 2 0.9744 1.428 1.344 2.408 0.7686 2.408 0.9604 0.756 2.0272 0.532 0.6832 0.826 0.448
flux 3 0.7196 0.1078 0.364 0.826 1.2208 1.3636 0.63 0.91 27.3 0.3654 0.1078 1.4798 2.408
flux 4 0.7686 1.3566 2.1 0.924 0.707 0.875 0.35 0.6594 0.3654 43.33 2.408 1.0192 1.4182
flux 5 0.9604 0.756 0.714 21.7 0.3654 0.4844 31.92 0.875 0.756 2.0272 0.7686 0.448 0.6076
flux 6 1.0192 0.35 0.742 0.3654 1.0192 0.9352 1.4798 0.602 0.448 1.0192 1.092 0.742 0.9352
flux 7 0.0518 1.204 1.134 0.742 21.7 1.778 0.714 0.3654 21.7 0.6076 0.7196 0.7686 0.4256
flux 8 0.1078 21.7 1.428 0.756 0.7196 43.33 1.036 32.9 0.707 1.0472 0.3654 32.9 1.3566
flux 9 32.9 1.0472 1.47 0.4844 0.6076 0.924 0.3654 0.714 1.036 1.778 0.9912 0.91 1.2208
flux 10 3.99 0.63 1.0612 3.108 2.8826 5.446 4.074 3.976 5.782 5.264 0.9828 6.706 2.968

Tarissan

TAS 29/03/17 30/03/17 31/03/17 01/04/17 02/04/17 03/04/17 04/04/17 05/04/17 06/04/17 07/04/17 08/04/17 09/04/17 10/04/17

flux 0 0.6272 0.959 2.0664 0.4256 1.092 0.1078 1.778 0.6706 1.204 32.9 31.92 27.3 0.7672
flux 1 0.3654 0.7196 0.364 1.2908 0.714 0.3654 1.4798 0.448 0.756 1.036 32.9 1.2922 1.2922
flux 2 1.036 2.0664 0.35 0.6076 21.7 1.2922 0.868 1.204 2.0272 1.4798 1.428 0.9352 0.812
flux 3 0.6076 0.1078 1.68 0.1078 27.3 0.35 3.136 27.3 0.6594 0.826 1.092 2.1042 1.4798
flux 4 0.9352 0.35 0.812 1.092 0.707 1.0472 0.6832 0.4256 0.532 0.6832 0.6076 0.644 0.7196
flux 5 27.3 1.68 1.358 0.644 0.6076 0.826 0.7 0.0518 0.602 1.4182 0.1078 2.0664 1.0192
flux 6 1.3566 0.532 31.92 0.91 1.3566 3.136 1.3566 2.0664 31.92 0.7196 20.51 1.428 0.707
flux 7 1.134 0.4844 0.959 0.812 0.868 1.204 0.1638 0.707 1.2922 0.9604 0.1638 0.602 0.756
flux 8 1.0976 1.134 0.7 0.9912 0.4256 0.6706 1.2208 2.1042 2.408 1.0472 0.6832 0.7686 20.51
flux 9 0.9604 0.9912 0.4844 0.707 0.6706 0.7 0.6832 31.92 0.9352 1.2922 0.3654 0.532 0.7
flux 10 3.542 0.63 4.06 0.756 5.544 0.9702 1.2068 6.678 4.2322 4.228 8.974 3.766 2.87

Cratère-Sud

CS 29/03/17 30/03/17 31/03/17 01/04/17 02/04/17 03/04/17 04/04/17 05/04/17 06/04/17 07/04/17 08/04/17 09/04/17 10/04/17

flux 0 1.2922 0.63 1.47 2.408 27.3 0.672 1.72 43.33 1.27 31.92 0.658 2.016 0.756
flux 1 0.9352 0.714 0.924 0.826 0.448 20.51 0.742 1.4182 0.7 1.4182 0.9912 0.4844 0.875
flux 2 0.826 1.134 2.016 0.91 1.2208 0.6594 1.3636 2.1042 0.9912 0.756 1.0192 0.532 0.0518
flux 3 1.3566 0.658 0.644 1.204 0.6706 0.63 0.4844 0.35 0.756 2.0664 0.532 0.6706 0.9352
flux 4 1.2208 1.3566 0.154 1.0192 1.4182 0.9912 0.91 0.742 1.4798 0.4256 2.0272 0.714 1.0192
flux 5 0.9912 0.3654 0.714 0.532 2.0272 0.924 0.7686 0.7686 21.7 0.6076 0.3654 0.812 0.714
flux 6 0.1638 0.707 0.756 0.6832 0.63 1.2208 0.714 0.9912 0.6594 0.0518 0.0518 31.92 0.3654
flux 7 0.35 1.778 0.616 0.756 2.0664 0.826 0.0518 1.092 1.134 27.3 2.408 0.756 1.3636
flux 8 32.9 2.0272 0.91 0.4256 0.742 0.707 2.0272 1.3636 43.33 1.428 0.7196 1.4798 0.532
flux 9 0.875 27.3 1.204 0.35 0.4256 1.3636 0.6706 0.6076 1.428 1.3636 0.1078 2.408 21.7
flux 10 4.088 0.7 0.938 0.9114 3.6946 2.8504 1.0136 5.264 7.392 6.72 0.882 4.172 2.828
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gridded wind field (u, v, w). This involves four sub-steps:
(l) interpolation, (2) smoothing of the analysed field, (3) computation
of a vertical velocity field, and (4) minimization of the three-
dimensional divergence. Finally, a divergence-minimization procedure
is iteratively applied until velocity divergence is smaller than an arbi-
trarily user defined threshold. The final result of DWM is an approxi-
mately null-divergence wind field consistent with the observations
(Douglas et al., 1990).

The mass conservation equation for the scaled concentration C may
bewritten in a generalised form as (see Costa et al., 2005; Granieri et al.,
2013 and references therein):

∂C
∂t

þ U
∂C
∂x

þ V
∂C
∂y

þW
∂C
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¼ ∂
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� �
þ ∂
∂y
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∂C
∂y

� �
þ ∂
∂z
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∂C
∂z

� �
þ Q

ð2Þ

where t is time, (U, V, W) are the scaled wind speeds, Kh and Kz are the
diagonal scaled diffusion coefficients and Q the source term in the gen-
eralised coordinate. Tomodel the passive advection and diffusion of the
gas species emitted by the fumaroles at La Soufrière we used the
Eulerian DISGAS-2.0, an open-source code for dispersion of dilute gases
into the atmosphere (e.g., Costa et al., 2005; Costa and Macedonio,
2016; Granieri et al., 2013, 2017; Pedone et al., 2017). Advective terms
in Eq. 2 were discretised according to the second-order Lax–Wendroff
5

scheme (e.g., Lax andWendroff, 1960; Ewing andWang, 2001). The in-
put data in the coupled DWM-DISGAS-2.0 model include topography,
terrain roughness, meteorological data, atmospheric stability informa-
tion, and gas flow rates from the gas sources (for both fumaroles and
diffuse degassing). The model yields concentrations at heights selected
by the user expressed as values in excess of background gas species
levels in the air. It does not account for the chemical reactivity of com-
ponents and also neglects gas solubility in condensing H2O droplets.

In this study, themodel inputs at sources are theH2Ofluxes, while the
outputs are represented by 2Dgridmaps of H2O concentrations dispersed
over the topography at different timesteps and levels in the atmosphere.
The H2O concentration outputs are then converted in CO2 and H2S con-
centration (ppm) by using the molar ratios CO2/H2O and H2S/H2O.

Our selected gas/H2O molar ratios (Allard et al., 2014; Tamburello
et al., 2019) were obtained during walking MultiGAS surveys (not per-
manent station)with short silicone tubes in order tominimize the effect
of the water condensation (Moretti et al., 2020a; Jessop et al., 2021).
3.3. Testing the model performance

Mass consistent wind models, such as DWM (Douglas et al., 1990)
may produce highly-resolved surface-level wind analyses through sur-
face measurements, which are strongly influenced by the topography,
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especially in the immediate vicinity of the station where the topo-
graphic reliefs change very sharply. These models are generally more
representative during the daytime and in topography simple terrain
(Stohl et al., 1997). However, upper-level analyses often provide poor
resolutions due to the lack of vertical wind information. This problem
is generally overcome by using numerical weather models or
radiosondes.

Hence to understand which input data are more appropriate to ob-
tain a reliable wind field, we carried out two tests by using local meteo-
rological data only (Test 1) and ERA5 reanalysis dataset (Copernicus
Climate Change Service, 2017; Test 2) in the DWM(Douglas et al., 1990).

Local meteorological data were collected data from the Piton Sanner
station operated by OVSG-IPGP and located on the summit dome, at ca.
1447m (Fig. 1b). This station is equippedwith anemometer (05103–03
Campbell), a widevane (05103–03 Campbell) and an atmospheric ba-
rometer (PTB101B Campbell).

The meteorological data used in the DWM are the surface tempera-
ture and the wind components (Test 1). The same type of data are ac-
quired by ERA5 reanalysis dataset (Test 2). It is worth noting that
atmospheric stability information (i.e., the domain-averaged tempera-
ture lapse-rate for each hour of the simulation day (K/m) required in
DWM is only taken from the ERA5 reanalysis dataset.

To test the impact of uncertainty on topography resolution, we ver-
ifiedwhether thefit between simulation results and observations is pre-
servedwhen using a lower-resolutionDEM (25m;www.earthexplorer.
usgs.gov) for the topography (Test 3). In this case, we calculated the
wind field by using the data acquired by the local weather station. Fi-
nally, to investigate the influence of the computational grid resolution
on the model outputs, we reproduced the Test 1 by using a 5 m-
resolution computational grid (Test 4).

3.4. Set up of model simulations

The model validation aimed to compare the simulation results car-
ried out under different meteorological conditions (i.e. different wind
field data) and grid resolutions with the observations from the perma-
nent OVSG-IPGP stations close to the currently active fumaroles for
the periods in which they are available. We chose to simulate the
daily cycles (midnight to midnight local time) from 29/03/2017 to
10/04/2017, the only period for which systematic gas concentration
measurements are available simultaneously from all the sources (G56,
TAS, CS). The observed concentrations were considered in terms of
values above the background atmospheric level. The computational do-
mainwas extended over an area of 9 km2 on the volcano and 500mver-
tically above the ground (Fig. 1c) and it was discretised by a 200 × 200
cells gridwith a horizontal resolution of 15mand a vertical grid spacing,
finer near the surface (from 1 m) and coarser towards the top (up to
250m), chosen as a good compromise between the accuracy of outputs
and computational costs.

From each simulation, we extracted the CO2 and H2S concentration
at three tracking points on the summit dome, corresponding to the loca-
tion of the OVSG-IPGP MultiGAS stations (Fig. 1d, green dots). These
points are fixed at 1 m from the ground, so that the observed and simu-
lated concentrations are referred to the same altitude. Since the obser-
vations covered 13 days, we provided numerical simulations in two
opposite conditions: i) running 11 simulations (each one simulating
the entire 13 days of the validation period) varying the daily value of
the water vapour flux regardless of each source, in order to catch the
natural variability of the gas emission rate shown in the last few years,
and ii) running one simulation (simulating the entire 13 days of the val-
idation period) fixing a single water vapour flux for each source. In both
cases, the hourly gas concentrations were stored at the tracking points.

We considered thewater vapour as the simulated plume component
since it prevails in all gas mixtures (Tamburello et al., 2019). To do so,
the values of the water vapour fluxes (which are assumed constant on
a given simulated day) were randomly sampled from the Empirical
6

Cumulative Distribution Functions (ECDFs) reported in Appendix B,
built on the data available from the literature on this observable
(Allard et al., 2014; Tamburello et al., 2019). The ECDFs were assumed
representative of the variability in the source fluxes in the selected pe-
riod, and daily fluxes were assumed independent of each other. In
Table 1we provided the complete dataset of gas fluxes used as input pa-
rameters of each fumarole (G56, TAS, CS) for each day of simulation.
Thus, in total, 143 different water vapour flux values were sampled for
each source (i.e., 13 days times 11 simulations).

Since we focused our attention to the amount of volcanic species in
the fumaroles (i.e. H2S and CO2), in the post-processing phase, the
H2O concentrations (kg m−3) at the tracking points (Fig. 1d, green
dots)were converted intoH2S andCO2 concentrations (ppm), assuming
the same molar ratios estimated for the gases at the source. The molar
ratios CO2/H2O and H2S/H2O used in these conversions were also ran-
domly sampled from the ECDF (Appendix B) built taking into account
the 2017 record (Tamburello et al., 2019), again assumed representative
of the variability in the molar ratios at the sources.

We note that sources of diffuse soil degassing were not accounted for
in the simulations. Allard et al. (2014) estimated the total soil CO2 flux
using a CO2 accumulation chamber to be was 10% of the fumarolic CO2

flux in 2006, dropping to 2% in 2012. These estimations were based on
measurements made at the Faille de la Ty (FTY) site at the base of the
dome (Fig. 1a). Asides steaming ground around the CS fumaroles, no
other signs of passive degassing were present on the summit at that
time. However, since 2014, a large thermal anomaly has spread over an
area of approximately 14,070 m2 on the summit (north of the chord be-
tween NAPE and TAS, Fig. 1a), whereas FTY has remained approximately
constant in activity (OVSG-IPGP bulletins, 2006, Jessop et al., 2021).

Soil CO2 measurements in the area of ground thermal anomalies are
currently beingperformed by theOVSG, and preliminary results suggest
a mass flux of around 0.23 kg s−1 of CO2 (OVSG-IPGP Bilan mensuel de
l'activité volcanique de la Soufrière de Guadeloupe et de la sismicité
régionale, 2020) which is roughly on par with 0.29 kg s−1 for the total
fumarole CO2 flux, based on steam flux and H2O/CO2 ratios from
Giggenbach bottle analyses (OVSG-IPGP Bilan mensuel de l'activité
volcanique de la Soufrière de Guadeloupe et de la sismicité régionale,
2006; Moretti et al., 2020a; Jessop et al., 2021). However, given that
none of the three permanent MultiGAS stations used for validation in
the project are downwind of this site, it is unlikely that diffuse ground
emissions would affect the validation tests.

4. Simulation workflow

We developed an automatized workflow which uses Python and
Bash scripts to: i) download ERA5 reanalysis data and/or pre-process
weather data, (i.e. from a weather station in the domain) and succes-
sively process these in the DWM (through a meteorological processor
called DIAGNO; Douglas et al., 1990) to obtain the wind field needed
by the numerical model; ii) randomly assign the emission rates to the
investigated sources on the basis of the ECDFs built from literature
data; iii) perform the simulations; iv) post-process the results to obtain
contour plots of gas concentration.

Theworkflow starts defining the inputmeteorological data. Asmen-
tioned above, we defined three configurations for the workflow (Tests
1, 2 and 3). In the first configuration, we used the data collected from
the Piton Sanner station (Fig. 1b). These data reproduce accurately the
local time-averaged wind field with a 1 h time resolution, but they de-
scribe one specific point only (the station) and donot spatially constrain
the DWM model. In Test 2, we took into account the data from ERA5
dataset, which covers the Earth on a 30-km grid and resolve the atmo-
sphere using 37 levels from the surface up to a height of 80 km. We
first interpolated ERA5 weather data to the location of interest, then
we collected wind data for 13 levels up to 500 m above the ground,
along with the parameters relative to the stability conditions of the at-
mosphere. Also in this case the time-step acquisition is 1 h. It is worth

http://www.earthexplorer.usgs.gov
http://www.earthexplorer.usgs.gov
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noting that, in all simulations, the information regarding the atmo-
spheric stability needed for the DWM (i.e. the domain-averaged tem-
perature lapse-rate in K/km, specified for 24 h of simulation) derives
from the ERA5 dataset. In Appendix A, we provided the hourly averages
of wind direction and intensity from both the Piton Sanner station and
ERA5 dataset.

To evaluate the wind field over the computational domain, we run
the DWM, which uses a terrain-following coordinate system. It needs
topography data, average wind on the computational domain, and at-
mospheric stability information within the scale of the domain (i.e.
the temperature gradient in K/m). Thewind field was taken to be diver-
gence free, which approximation is generally applicable up to a
kilometre above ground level (Dutton and Fichtl, 1969). Furthermore,
since terrain-following coordinates were used, this approximation still
holds even if ground level varies significantly within the computational
domain. The wind field was then linearly interpolated into the compu-
tational grid.
Fig. 2.Daily means of the observed CO2 and H2S concentrations (in ppm above the background
10/04/2017. Vertical bars show the standard deviation ±1σ.

7

The topography of the investigated area is read by DISGAS-2.0which
automatically interpolates the elevations onto the nodes of the compu-
tational grid. The topographyfile specifies ground elevation at a regional
scale (i.e. in a region typically equal or larger than the computational do-
main) by using a structured grid using arbitrary (but constant) grid
spacing. The only necessary requirement is that the computational do-
main must lay within the bounds of the region where topography is
specified. The fumarolesweremodelled as point sourceswhose strength
(mass flow rate expressed in kg s−1) was specified in the input file.

5. Results

As we are aiming to test the model ability in reproducing the obser-
vations from a hazard perspective, we chose daily averages in gas con-
centration as the simulated quantity to be compared with
observations, as it represents the basis for applying a simulator in a
probabilistic hazard assessment.
atmospheric concentration) emitted from CS, G56 and TAS fumaroles, from 29/03/2017 to
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In Fig. 2 we reported the daily averages of gas concentration (μi)
(above the atmospheric background level; ca. 400 ppm for CO2, and
0 ppm for H2S) with the associated standard deviation (σi), measured
during each day of the investigated period (from 29/03/2017 to
10/04/2017).
Fig. 3. Results of the model validation taking into account the local meteorological data (Test
observed and simulated daily averages of H2S and CO2 concentrations are shown for G56 (a
green curves are referred to the simulated data obtained by randomly varying the water flu
represented by the coloured vertical solid lines, while the 5° and 95° percentiles are represen
The computational grid has a 15 m resolution.

8

Recently, Jessop et al. (2021) compared the steam flux values ob-
tained with different methodologies (airborne thermal camera survey
and in situ measurements of temperature and flow rate through tem-
perature probes, Pitot-tube and MultiGAS measurements). MultiGAS
retrieved H2O fluxes (obtained by scaling the CO2 fluxes with the
1). For each fumarolic source, the Empirical Cumulative Density Functions (ECDFs) of the
-b), TAS (c-d), CS (e-f). The red curve represents the observed data while the blue and
x and by setting a fixed flux at source, respectively. The 50° percentile of the ECDFs is
ted by the dotted vertical lines. The topography is represented by a 5 m resolution DEM.
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H2O/CO2) can underestimate by ~40% the real steam flux values. Hence,
although we applied a 40% correction to account for the condensed
water vapour, it is worth noting that the MG-derived steam fluxes
have to be considered as minimum estimates.
Fig. 4. Results of the model validation taking into account the ERA5 dataset to calculate the w
(ECDFs) of the observed and simulated daily averages of H2S and CO2 concentrations are sho
the blue and green curves are referred to the simulated data obtained by randomly varying t
ECDFs is represented by the coloured vertical solid lines, while the 5° and 95° percentiles are r

9

The results for Tests 1, 2, 3 and 4 are reported in Figs. 3–6, respec-
tively. For each fumarolic source,we provided the ECDFs of the observed
and simulated daily averages of H2S and CO2 concentrations (G56,
Figs. 3-6, panels a-b; TAS: Figs. 3-6, panels c-d; CS: Figs. 3-6, panels
ind field (Test 2). For each fumarolic source, the Empirical Cumulative Density Functions
wn for G56 (a-b), TAS (c-d), CS (e-f). The red curve represents the observed data while
he water flux and by setting a fixed flux at source, respectively. The 50° percentile of the
epresented by the dotted vertical lines. The computational grid has a 15 m resolution.



Fig. 5. Results of themodel validation using a DEM resolution of 25m (Test 3), taking into account the local meteorological data to calculate the wind field. For each fumarolic source, the
Empirical Cumulative Density Functions (ECDFs) of the simulated and observed daily averages of H2S and CO2 concentrations are shown for G56 (a-b), TAS (c-d), CS (e-f). The red curve
represents the observed data while the blue and green curves are referred to the simulated data obtained by randomly varying the water flux and by setting a fixed flux at source,
respectively. The 50° percentile of the ECDFs is represented by the coloured vertical solid lines, while the 5° and 95° percentiles are represented by the dotted vertical lines. The
topography is represented by a 5 m resolution DEM. The computational grid has a 15 m resolution.
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e-f). The ECDFs of the simulated concentrations are obtained either by
randomly varying the gas fluxes (blue curves) or by using fixed esti-
mates (green curves) at source (Figs. 3-6).
Fig. 6. Results of the model validation obtained by running the Test 1 with a computational gr
Functions (ECDFs) of the observed and simulated daily averages of H2S and CO2 concentrati
data while the blue and green curves are referred to the simulated data obtained by rando
percentile of the ECDFs is represented by the coloured vertical solid lines, while the 5° and 95
by a 5 m resolution DEM.

11
Regarding the simulated data obtained by randomly changing the
gas fluxes, for each source we sampled the H2O water flux 11 times a
day from the ECDF in Appendix B. Being the investigation period of 13
id resolution of 5 m (Test 4). For each fumarolic source, the Empirical Cumulative Density
ons are shown for G56 (a-b), TAS (c-d), CS (e-f). The red curve represents the observed
mly varying the water flux and by setting a fixed flux at source, respectively. The 50°
° percentiles are represented by the dotted vertical lines. The topography is represented



Fig. 7. Plots showing an example of simulated gas dispersion fromG56 carried outwith 15
m (a) and 5 m (b) resolution of computational grid, under an easterly wind direction. At
increasing the resolution, lower gas concentrations are found near the station (green
dot, map b). For both cases, the wind field is calculated taking into only account the
local meteorological data. The topography is represented by a 5 m resolution DEM.
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days, to simulate daily variations in gas flux, we ran 11 simulations per
day resulting in 143 total simulation runs, which implies a significant
amount of computational time as one simulated day required nearly
3 h on a PC with a i5 dual-core processor.

We also provided further numerical simulations by using a fixed flux
at each fumarolic source as the most similar to the observed water va-
pour flux (1.10 kg s−1 for G56, 0.93 kg s−1 for TAS, and 1.63 kg s−1 for
CS, considering the estimates in Tamburello et al., 2019 and Jessop
et al., 2021) for the entire period of simulation (13 days).

In the following, we describe some general aspects emerged from an
overall analysis of the testing procedure. Similarly to ash dispersal
models (e.g. Macedonio and Costa, 2012; Macedonio et al., 2016; Selva
et al., 2018), the results are indifferent to the selection of the reference
input (local or regional) meteorological data: no remarkable differences
were observed between Tests 1 and 2 (Figs. 3-4). The wind fields pro-
duced by either wind data type were very similar (Appendix A).
Hence, the choice of one or another did not impact strongly on our re-
sults, implying that either meteorological dataset could be used as
input to the DWM. Test 3 showed that a low resolution DEM (25 m)
does not affect the model outputs (Fig. 5). Notable differences between
the daily averages of observed and simulated concentrations are instead
observed in Test 4 (Fig. 6), when the model accounted for a finer com-
putational grid resolution (5 m).

In Tests 1, 2 and 3 we noted that the gas concentration variability
shown by the simulated daily averages obtained by randomly varying
the water vapour fluxes at source (blue curves) well captured the ob-
served data (red curves) at TAS (Figs. 3–5, panels c-d), but showed
marked over estimations at G56 (Figs. 3–5, panels a-b). The simulated
daily averages for CS tend to underestimate the observations in all
Tests, especially when a higher resolution of computational grid is
taken into account (Test 4; Fig. 6e-f).

When looking at the simulated data carried out by using a fixed gas
flux at sources (green curves), at TAS we found a very good accordance
with the observed daily averages (red curves) in Tests 1–2-3 (Figs. 3–5,
panels c-d). In particular, the case of H2S in Test 2 (Fig. 4c) is emblematic
as the observations (red curve) intersect only the tail of the simulated
data (blue curve) but they appear perfectly alignedwith the simulations
obtained with the fixed water flux at source (green curve). This evi-
dence confirms that the selected water flux estimates are robust input
data to reproduce the observations, although over and under estima-
tions of about an order of magnitude were observed for G56 and CS, re-
spectively (Figs. 3–5, panels a-b-c-d).

However, different results were shown in Test 4where themodel re-
sults for G56 show a better accordance with observations (Fig. 6a-b).
Upon inspection of the relative positions of the source and tracking
points corresponding to themeasurement sites in the computational do-
main, we ascribed this evidence to the fumarole-station geometry on the
computational domain. In particular, G56 source is very close to the top
left boundary of a computational cell whilst the tracking point is on the
right-hand boundary of the adjacent cell (Fig. 1e). In such a situation,
when the plume is advected westward, this configuration may lead to
an overestimation of gas concentrations at the tracking point (green
dot, Fig. 7a) since the adjacent left-hand cell would record a relatively
high concentration due to the presence of the source (red star, Fig. 7a),
even if the latter is not at the cell centre. In this case, both cells hosting
the source and the stationwould have very similar concentration values.
This is due to how the model is able to solve the real shape of the plume
depending on the grid resolution: a low resolution tends to spread the
concentration gradients that can locally lead to underestimate in some
regions and overestimate in others the simulated concentrations, espe-
cially where the observations would have marked gradients. In the
case of G56, the observed data showed low gas concentrations since
the measurement station was set upwind. This implies that the model-
ling carried out with a lower resolution grid (15 m) overestimated the
observations (Fig. 7a). Once the grid resolution is increased to 5 m, the
plume shape is refined and the measurement station does not fall in it
12
(Fig. 7b). Unlike G56, the source-station positions of TAS and CS fuma-
roles provided a worse accordance with observations when the grid res-
olution is increased at 5 m (Test 4; Fig. 6, panels c-d-e-f). Consequently,
the correspondence between simulated data and observations seems to
be more satisfactory when using the 15 m grid resolution (Tests 1–2-3;
Figs. 3–5).

On the whole, the model results showed an acceptable agreement
with the observed data from a hazard point of view. This indicates the
potential usefulness of gas dispersion modelling as a promising tool
for reproducing the observed fumarolic degassing and for gas hazard as-
sessment purposes. In this regard, taking as reference themodel settings
of Test 1, we tracked the amount of gas dispersed at 1 m from the
ground in a short period of time (from 30/03/2017 to 03/04/2017) out-
side the dome area (Fig. 8a), providing the average of the overall simu-
lated gas concentrations for a control point located on the SW flank of
the volcano (Fig. 1d, yellow dot). The aim of this additional test was to
verify if the order of magnitude of the averaged gas concentrations



Fig. 8. a) Temporal evolution of the simulated gas dispersion around La Soufrière from 30/03/2017 to 03/04/2017; b) simulated averages of H2S and CO2 concentrations calculated above a
control point (643,108 E; 1,774,190 N; yellowdot, Fig. 1d) outside the dome area, along the SWflank of the volcano, from 30/03/2017 to 3/04/2017. Thewind fieldwas calculated by using
the local meteorological data. The topography is represented by a 5 m resolution DEM. The computational grid has a 15 m resolution.
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dispersed in few days can potentially be dangerous for people living
within few km from La Soufrière. The model results showed that both
the daily averages of H2S and CO2 concentrations range from 10−4 to
less than 10 ppm above the background values (Figs. 8b-c) therefore
they are not dangerous to health (e.g., World Health Organization and
Regional Office for Europe, 2000; Costa et al., 2008; Edmonds et al.,
2018 and references therein).

6. Discussion and conclusions

The testing procedure proposed in this work aimed to draw
some general best practices to use when dealing with gas hazard
13
quantifications. To do this, we chose La Soufrière de Guadeloupe as
case study given the quasi-permanent degassing shown from its last
magmatic eruption in 1530 CE. This represents a hazard since the vol-
cano is actively visited by tourists, guides, park operators and the
OVSG staff throughout the entire year. These people could be affected
by health problems such as sore throat, eye irritation, headache and ol-
factory paralysis if subjected to a short-medium exposure whilst as-
cending to the summit. Furthermore, the closest urban agglomerates
(i.e., Papaye, Matouba) are located within a few km from the active
dome. For these reasons, gas dispersion modelling of the emissions
from each site is potentially a very useful tool for quantitative risk
assessment, like at many active volcanic-hydrothermal sites
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(e.g., Erfurt-Cooper, 2018) where residents and visitors commonly ex-
pose themselves to unhealthy levels of toxic gases without adequate
understanding of the health risks. In this respect, the choice of a specific
modelling tool and its validation represent the very first step for achiev-
ing unbiased hazard quantifications.

Here, we showed that modelling using a new implementation of a
gas dispersion code (DISGAS-2.0) and varyingDEMs andmeteorological
and field data, is able to capture the order of magnitude and the statis-
tical property of the natural variability displayed by the averages of
the observed CO2 and H2S concentrations over the entire period of
simulation.

Due to lack of simultaneous data from gas sources (i.e., gas flux at
specific times, for a period of few days at least) and distal gas concentra-
tion measurement points (at hundred of meters to few km away from
the source), we could not extend our validation up to a larger spatial
scale. This would be desirable in future studies, especially to estimate
gas hazard at inhabited areas on the island. Hence, the model outputs
shed lights on different aspects to consider for gas hazard purposes in
any other volcanic contexts.

Overall, despite the limitations of using the Eulerian approach to re-
produce dispersion in the proximity of the gas sources discussed above
(i.e., the initial stage of point source emission cannot be treated properly
by the Eulerian approach due to its grid nature; Boybeyi and Raman,
1995; Costa et al., 2005) and the limited available meteorological sta-
tions (or nodes on a reanalysis grid) within the computational domain
leading to a non-optimal setup for thewindfield, the performed numer-
ical simulations of Tests 1 and 2 provided a satisfactory representation
of the statistical properties of the natural system variability. Considering
a limited area of investigation, we showed that meteorological data ob-
tained from local weather stations and reanalysis datasets (as those
from ERA5) are capable of reproducing realistic wind fields on a terrain
such as around the edifice of La Soufrière de Guadeloupe, as inputs for
the gas dispersion modelling.

Moreover, it is well known that the topography can significantly in-
fluence plume transport and diffusion (Kaneston Scientific, 1998). In
particular, topography and surface roughness can change wind speeds,
directions and turbulence characteristics; for example, the presence of
significant valleys can restrict horizontal movement and dispersion en-
couraging the development and persistence of drainage flows (Douglas
et al., 1990). Previous applications of DISGAS concerned simple, rela-
tively flat topographies such as calderas (i.e., Solfatara crater, Phlegrean
Fields, Italy; Granieri et al., 2013; Pedone et al., 2017; La Fossa crater,
Vulcano Island, Italy; Granieri et al., 2017) that lead to a high wind
field representativeness (Stohl et al., 1997). In this application, the
local topography represents a steep domeof the order of 500m in diam-
eter andmore than 100m high (Figs. 1c-d). The investigation on the in-
fluence of the topography on model results by varying the resolution of
theDEM from5m(Tests 1–2; Figs. 3-4) to 25m (Test 3; Fig. 5), revealed
that both resolutions well capture the features and the effects of the
dome on the meteorological fields.

Looking at each single model output, we noted that the three
fumarole-station geometries at La Soufrière dome showed significant
differences. Gouffre-56 fumarole is located in a deep fracture right
below the eastern edge of the dome and is 3–4 m wide at the surface
(Figs. 1c-d). The G56 station has been forcibly located (as best com-
promise between vicinity to the gas plume and sheltering from the
strong winds) few meters from the vent and windward respect to
the dominant wind. As consequence, the observed data showed nu-
merous cases of low volcanic gas concentrations, below the resolution
of the sensor, that cannot be used for comparison with our simula-
tions. With regard to this, we remark that in this study the G56 gas
measurements (maximum daily average for CO2 is ca.13 ppm, and
for H2S is 8.62; Fig. 2a) were affected by a high uncertainty due to
the MultiGAS accuracy of ±2%. As explained in Section 4, since the
measurement station was set upwind, the observed data showed
low gas concentrations, implying that the modelling carried out with
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a 15 m-resolution grid overestimated the observations with respect
to the 5 m-resolution one.

Tarissan fumarole is a bubbling pond located in a ~ 40mwide crater
at deeply under the dome surface. The TAS station is located ~8m from
the source and downwind with respect to the dominant wind. In this
case, the fumarole-station geometry is the most favourable to provide
the best accordance between model results and observations in each
modelling setup.

Cratèr Sud is a system of three fumaroles (named as north CSN, cen-
tral CSC and south CSS) located along a north-south oriented fracture in
the southern edge of the dome. These fumaroles are ~10m distant from
each other and separated by spurs of rock. For the same logistic prob-
lems faced in G56, the station has been installed in the southernmost
part of the CS fracture, not exactly downwind the degassing fumaroles.
In this light, CS represents the most complex fumarole-station geome-
try. In Tests 1–2-3 we noted that the underestimations of the simulated
data with respect to the observations are balanced by using the 15 m-
resolution grid. When the simulations are carried out with the 5 m-
resolution, the underestimations are more pronounced (Test 4;
Fig. 6e-f) since the model algorithm tends to be numerically less diffu-
sive by using a finer grid resolution.

In general, as the best compromise between accuracy of results and
computational time, we found that a 5 m-resolution DEM represents a
satisfactory topography for all the modelled source conditions, along
with a 15 m-resolution computational grid.

Analysing the results from the modelling, we found that G56 and CS
show complex fumarole-station geometries which provide a worse ac-
cordance between simulated and observed data. However, we also
attempted a first-order inverse approach in order to find out the best
input gas flux able to reproduce the observations at G56 and CS sources.

Taking into account the model parameters used in Test 1, we scaled
the previous fixed gas fluxes (1.10 kg s−1 for G56, and 1.63 kg s−1 for
CS; Tamburello et al., 2019; Jessop et al., 2021) to a factor representing
the ratio between the 50° percentile of simulated and observed gas con-
centrations. We run additional simulations using new fixed water gas
flux of 0.20 and 6.50 kg s−1 for G56 and CS, respectively, for the entire
investigated period (i.e., 13 days). For G56, the ECDFs resulting from
the simulated CO2 and H2S concentrations (magenta curves) intersect
the observed data (red curves; Fig. 9a-b), indicating that the scaled
water gas flux at source provides a satisfactory accordance with obser-
vations. For CS, we noted that the ECDFs of the observed data (red
curves) are within the ECDFs obtained by using the fixed gas fluxes
(green and magenta curves) for both CO2 and H2S (Fig. 9e-f). This im-
plies that the best gas flux to use to reproduce the observations would
range between 1.63 and 6.50 kg s−1.

It is worth noting that this inverse approach is not necessary for TAS
source since the fixed gas flux used in the modelling was previously
assessed to have a good accordance with observations (Fig. 9c-d).

As main target, this testing on gas dispersion modellingmay be use-
ful to study the prolonged exposure to low concentrations since it could
nonetheless affect local population, animal health and agriculture to
varying degrees downwind of the volcano and up to a distance of a
few km. In this regard, we think that a better quantification of the
daily averages of H2S and CO2 concentrations outside the dome area
(similar to that reported in Fig. 8) should be carried out over a larger
area and for a longer period of time. In particular, for CO2 the long-
time exposure limit (LTEL) is set to 5000 ppm (time weighted average,
TWA) for working-age-people in good health exposed to the gas for
8 h/d in 5 days per week, while for H2S, the LTEL is set to 5 ppm
(TWA) for a 8 h/d for 5 days per week (World Health Organization
and Regional Office for Europe, 2000).

At La Soufrière, given the increase in fumarolic activity recorded
since February 2018 and extension of the fumarolic area, an intensifica-
tion of phenomena in the future cannot be excluded (Moretti et al.,
2020a; Jessop et al., 2021), since the hydrothermal system is recharging
towards a P-T condition corresponding to that just prior to the 1976–77



Fig. 9. Results from Test 1 showing the Empirical Cumulative Density Functions (ECDFs) of the observed and simulated daily averages of H2S and CO2 concentrations for G56 (a-b),
TAS (c-d), CS (e-f). The ECDF of the observed and simulated data obtained by randomly varying the water flux are represented by red and blue curves, respectively. The ECDFs
obtained by setting a fixed flux at source from reference literature (1.10 kg s−1 for G56, 0.93 kg s−1 for TAS, and 1.63 kg s−1 for CS; Tamburello et al., 2019; Jessop et al., 2021), are
represented by the green curves. Additional ECDFs (magenta curves) are provided by using fixed gas flux which is scaled to the ratio between the 50° percentile of the observed and
simulated data (red and green vertical solid lines) for G56 (a-b; 0.20 kg s−1) and CS (e-f; 6.50 kg s−1). For all ECDFs, the 5° and 95° percentiles are represented by the dotted vertical
lines. The topography is represented by a 5 m resolution DEM. The computational grid has a 15 m resolution.
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unrest phase. In addition to this, in case of a potential more concen-
trated gas dispersion due to increased activity of the volcanic system
in the future, the plume condition could turn, depending on gas temper-
ature, into conditions of negative or positive buoyancy for which
DISGAS-2.0 is no longer suitable for modelling the phenomena. At pres-
ent, the proposed modelling approach is appropriate for producing gas
hazard maps for La Soufrière.

In conclusion, in this study we investigated the modelling require-
ments to correctly reproduce the statistics of observations. We found
that an appropriate setting of the computational grid resolution is fun-
damental in gas hazard, while it is relatively less important the type of
DEM resolution (e.g., Tierz et al., 2017) and the type of meteorological
data used. Notably, this is fundamental to produce an unbiased hazard
quantification. Although it is very common to use a model to fit a
given set of observations, or to assess hazard, we highlight that it is
still quite uncommon to study the ability of models to reproduce the
statistics in the data of interest, that should actually be the first logical
step to be taken when applying a simulator to assess hazard.
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