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Abstract: In 2010, the Eyjafjallajokull volcano erupted, generating an ash cloud causing unprecedented
disruption of European airspace. Despite an exceptional situation, both the London and Toulouse
Volcanic Ash Advisory Centres (VAAC) provided critical information on the location of the cloud
and on the concentration of ash, thus contributing to the crisis management. Since then, substantial
efforts have been carried out by the scientific community in order to improve remote sensing
techniques and numerical modeling. Satellite instruments have proven to be particularly relevant
for the characterization of ash cloud properties and a great help in the operational management
of volcanic risk. In this study, we present the satellite-based system HOTVOLC developed at the
Observatoire de Physique du Globe de Clermont-Ferrand (OPGC) using Meteosat geostationary
satellite and designed for real-time monitoring of active volcanoes. After a brief presentation of
the system we provide details on newly developed satellite products dedicated to the ash cloud
characterization. This includes, in particular, ash cloud altitude and vertical column densities (VCD).
Then, from the Stromboli 2018 paroxysm, we show how HOTVOLC can be used in a timely manner
to assist the Toulouse VAAC in the operational management of the eruptive crisis. In the second
part of the study, we provide parametric tests of the MOCAGE-Accident model run by the Toulouse
VAAC from the April 17 Eyjafjallajokull eruption. For this purpose, we tested a range of eruption
source parameters including the Total Grain Size Distribution (TGSD), the eruptive column profile,
the top plume height and mass eruption rate (MER), as well as the fine ash partitioning. Finally,
we make a comparison on this case study between HOTVOLC and MOCAGE-Accident VCD.
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1. Introduction

Today, operational monitoring of volcanic ash in the atmosphere is achieved through both
in-situ and remote sensing methods [1]. However, in many cases, the installation of ground stations,
the maintenance of expensive instruments and the difficulty of access to erupting volcanoes make the
use of space-based techniques even more relevant [2]. Operational monitoring can be divided into three
steps: (i) predicting an eruption by analysing and interpreting warning signals, when possible (ground
displacements, pre-eruptive degassing). (ii) In the absence of early warning signals, the objective is to
detect an anomaly as soon as possible, such as a hot spot reflecting the arrival of lava at the surface [3],
or the formation of an ash plume coming out at the vent [4]. Finally, (iii) it is essential to monitor the
eruption over time to assess its progression. These objectives require the use of different sensors and
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different satellite platforms. In that aim, the use of Geostationary Earth Orbit (GEO) satellite data is
very promising to early detect and track volcanic ash plumes and clouds.

Since the 1980s, the use of GEO satellite has led to a significant improvement in the detection and
monitoring of volcanic ash plumes. This is the case for Mount St-Helens (USA) on 18 May 1980, tracked
by the American geostationary satellite GOES [5] or more recently, during the 2010 Eyjafjallajokull
eruption (Iceland) using the European geostationary satellite METEOSAT [6]. The latter eruption has
raised awareness of the vulnerability of our modern and globalized society to volcanic eruptions
and has led to major progress in air traffic risk management [7]. Remarkably, from the onset of an
eruption, strong plumes reach the tropopause (11-16 km a.s.1.) in a few tens of minutes only, and can be
transported for days over thousands of kilometres away in the atmosphere [8]. In this regard, the high
temporal resolution of GEO platforms represents a valuable tool for the rapid assessment of volcanic
ash risk [9]. For a night and day continuous monitoring the use of InfraRed (IR) sensors is necessary,
as it uses earth Thermal InfraRed (TIR) radiations. The temporal resolution of GEO platforms have
significantly evolved over time, going from a few images per day as GOES-8 (NASA, 1994) providing
one full-disc every 3 h, to over a hundred of images per day with Himawari-9 (JMA, 2016), providing
one full disc every 10 min. These new capabilities allow us to take a leap forward in understanding
eruptive dynamics for short-lived events [10]. ESA (European Space Agency) will launch the Third
Generation Meteosat satellite (MTG-I) in 2021, with a 16-band infrared sensor called FCI (Flexible
Combined Imager) covering a full-disc (FDSS mode) in 10 min, and producing an image from Europe
(RSS mode) every 2.5 min with increased spatial resolution (1 km? in IR) on 4 specific spectral bands.
As a comparison, MODIS sensors on-board Low-Earth Orbit (LEO) satellites Terra and Aqua provide
2 images a day each, with a ground pixel resolution of 1 km?.

There are several reasons to monitor the ash clouds, but the major one is related to air risk.
These silicate fragments can severely damage engines and other equipment (antennas, windshield,
measurement probes, etc.) possibly leading to severe accidents [11]. So far, there have been no
crashes due to volcanic ash, but many encounters have been reported [12]. In their contribution to the
International Airways Volcano Watch settled by ICAO (International Civil Aviation Organization),
VAACs (Volcanic Ash Advisory Centers) are in charge to provide Volcanic Ash Advisories (VAA) and
Graphics (VAG) to help air traffic management in warning and mitigating the risk associated with
volcanic ash. VAA contain text information such as the aviation colour code, time and location of
eruption start, VONA and satellite sources, etc. VAG are qualitative contamination maps showing
contour lines for different flight levels. In addition, some VAACs provide forecast quantitative
contamination charts using VATD (Volcanic Ash Transport and Dispersion) models. In these charts,
ash concentrations related to agreed thresholds are provided at various flight levels [13]. Usually,
the ash plumes take only a few tens of minutes to reach the altitude of long-haul flights, and, according
to the ICAO requirements, VAACs have 20 min after volcanic ash evidence to provide the first
VAA/VAG. The reaction time of the VAACs depends mainly on the on-site volcano observatory that
must timely provide a VONA (Volcano Observatory Notices for Aviation) with critical information
about the on-going activity and input parameters. At some volcanoes, where observatories do not
exist or when monitoring means available are scarce, sending a VONA is difficult or even impossible.
In this case, the use of GEO satellites is particularly relevant and makes it possible to trigger the
volcanic alert, and provide the input parameters of the VATD models run by the VAACs. This is the
case, for example, of the Toulouse VAAC (Météo-France) which relies, among others, on data from
the HOTVOLC monitoring system [14] that uses METEOSAT satellite data, and presented hereafter
in detail. Another major reason for monitoring volcanic ash is that silicate particles have a high
density (>2000 kg/m?®) and its accumulation on roofs in close proximity to the volcano can considerably
damage the structure [15]. Spatial mapping of the areas that will be impacted by this fallout is therefore
essential. Finally, other hazards and risks are linked to volcanic ash: breathing problems (asthma,
mutation and/or inflammation of lung cells), pollution of drinking water and sanitation networks,
as well as damages to mechanical and electric equipment [16].
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The motivations for this work are linked to the difficulties encountered by VAACs in the operational
phase: these include in particular, (i) the delay in transmission of VONA at the onset of an eruption,
(ii) the lack of information regarding critical parameters such as plume top height, (iii) the difficulty of
interpreting satellite images, and (iv) the validation/comparison of model outputs in near real-time.
Therefore, in this study we present how satellite-based data from the HOTVOLC system developed at
OPGC (Observatoire de Physique du Globe de Clermont-Ferrand, France) can be used in combination
with the MOCAGE-Accident (Modele de Chimie Atmosphérique de Grande Echelle) model, designed
by Météo-France, [17] for the mitigation of risks associated with volcanic ash clouds. After a brief
presentation of the HOTVOLC system, we will describe in detail the newly developed satellite products
dedicated to the characterization of volcanic ash clouds. Then from a case study of the July 2019
Stromboli eruption, we assess the benefit of using data from HOTVOLC during a volcanic crisis in
coordination with the Toulouse VAAC. Then we provide a parametric study of the MOCAGE-Accident
model by varying key input parameters from the April-May 2010 Eyjafjallajokull (Iceland) eruption.
Finally, this allows us to compare vertical column densities from both MOCAGE-Accident and
HOTVOLC for the same eruption.

2. HOTVOLC Ash Product Definition

HOTVOLC is a Web-GIS (Geographic Information System) volcano monitoring system (Figure 1)
using SEVIRI (Spinning Enhanced Visible and Infrared Imager) sensor on-board METEOSAT
geostationary satellite (https://hotvolc.opgc.fr) and developed at the OPGC in 2009 after the installation
of the first receiving station. The spectral bands of the SEVIRI sensor allow HOTVOLC to simultaneously
characterize volcanic ash, sulphur dioxide, and lava flow emissions. So far it is the only tool allowing
the quantitative characterization of those three products, whether in real-time or for archived eruptions.
HOTVOLC is designed for the real-time monitoring of ~50 active volcanoes and provide high
value-added products at the frequency of 1 image/15 min (i.e., 96 img/day) with a pixel resolution of
3 km x 3 km at nadir. HOTVOLC is open-access and data are free to download from the entire database
covering the period 2010-2020. Satellite products are delivered in the form of (i) geo-referenced
images (geotiff) tiled on a background map and (ii) time series (csv) associated with interactive data
visualization technologies. HOTVOLC is part of the SNOV (Service National des Observations en
Volcanologie) and is labelled by the CNRS (Centre National de la Recherche Scientifique). In this
framework we ensure real-time monitoring of Piton de la Fournaise (La Reunion) effusive eruptions,
hence participating in crisis management. Similarly, HOTVOLC provides data on the ash plumes to the
Toulouse VAAC, allowing a better assessment of the risk linked to air traffic. Since 2019, four products
dedicated to the characterization of volcanic ash have been developed and are detailed hereafter.
This includes: (i) “ASH-5 bands” product for improved ash discrimination, (ii) the “ash plume altitude
product providing the top altitude of the cloud, (iii) the “ash plume mass” product that stands for
vertical column densities (VCD) and (iv) “ash plume contour” product showing a raw contour line

”

around the cloud.

2.1. Ash Cloud Detection (ASH-2, ASH-3, ASH-5)

Thermal infrared (TIR) sensors have proven to be very useful for the operational detection of
volcanic ash. They allow reliable 24/7 monitoring of ash clouds, and are the most used sensors
today, as they equip all geostationary platforms. In the spectral region of thermal infrared (8-14 um),
we can distinguish silicate particles (i.e., volcanic ash) from other particles such as ice crystals or water
and sulphuric acid droplets. This is made possible thanks to the differential extinction properties
(i.e., absorption + diffusion) of these particles between the channels located at ~11 pm and ~12 pm [18].
Indeed, the difference in brightness temperature (called BTD) measured at the sensor between these
two channels is negative for ash (BTD11-12 < 0) but positive for water and ice (BTD11-12 > 0),
and referred to as the 2-bands method. This is the first detection index used in HOTVOLC, hereafter
called “ASH-2” product. However, some issues related to this method, summarized in [19], may limit
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its use for automated detection of volcanic ash. Therefore, more sophisticated techniques have been
developed to improve ash characterization and allow automated detection such as the Robust Satellite
Technique [20-22], the MIR band method [23-25], the atmospheric correction [26,27], the VIS-IR
daytime method [28] or more recently the 3-Band method [19,29-31], which is the second index used
in HOTVOLC and referred to as the “ASH-3" product. In this context, we developed a new technique
based on 5 spectral bands from MIR and TIR region together and referred to as the “ASH-5" index.
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Figure 1. Screenshot of the HOTVOLC interface centred on Mount Etna (Sicily) during the 24 December
2018 eruption and showing the ash cloud from various products (ASH-5, altitude, vertical column
densities (VCD)) as well as the location of seismic events (red circles).

The 5-band algorithm is a bit more complex as it uses several Boolean tests based on either
brightness temperature differences (BTD) or spectral radiance for five different infrared bands located
at3.9,8.7,10.8, 12, and 13.4 um. The mid-wave infrared (3.9 um) allows us to better take into account
the solar contribution within ash absorption and scattering using two different thresholds between
night and day. Bands at 8.7, 10.8, and 12 um work as in the 3-band method while the 13.4 um waveband
shows good results for removing artefacts due to convective clouds, in particular. The algorithm is
divided into two main parts. The first part uses a very restrictive detection scheme. The objective is to
reduce to an absolute minimum the number of false ash detections, hence focusing on the core of the
ash cloud:

e flagged pixels must fill both conditions simultaneously
O BT10.8-BT 12.0 < -0.5K
O BT 8.7-BT 10.8 > —-0.5 K
e flagged pixels that fill at least one condition are masked
O (RAD3.9-RAD12)/(RAD3.9 + RAD12) < Threshold—(night: 0.042—day: 0.055)

O (BT8.7-BT 12.0)/(BT 10.8—BT 13.4) > —0.05
O ((BT 10.8—BT 12.0)/BT 13.4)) x 100 > —0.35

The second part consists in finding the nearest neighbour to identify closest pixels of the cloud
core forming new clusters having a high probability to belong to the ash cloud. Once identified,
new Boolean tests are carried out on those pixels:
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e  Remaining pixels must fill both conditions simultaneously

O BT10.8-BT 12.0 < -0.25 K
O BT 8.7-BT 10.8 > -2 K

e  Finally, pixels that fill the following condition are masked:
@) (RAD3.9-RAD12)/(RAD3.9 + RAD12) < Threshold—(night: 0.042—day: 0.055)

In Figure 2 we provide one example showing differences between the three different algorithms
used during the 6 May 2010 Eyjafjallajokull eruption. The 2-band method shows a good sensitivity
to ash detection but produces a very large number of false alarms. Those biases can sometimes be
overcome from the supervision of a user, but prevent any automated warnings. The 3-band method
succeeds in removing most of artefacts, but one can observe that the ash detection sensibility has
decreased significantly on the edge of the cloud. Finally, we show that the 5-band method (ASH-5
product) allows removing all artefacts, while increasing the detection sensibility at the same time.
Indeed, it improves the detection of ash-bearing pixels by 45% (in terms of cloud area). This good result
is due to an original multispectral combination associated with clustering routines. However, those
methods remain complementary in some cases and we decided to keep all three in the operational
system HOTVOLC.

HOTVOLC : ASH-2 product HOTVOLC : ASH-3 product HOTVOLC : ASH-5 product
Eyjafjallajokull - 6 May 2010 17h30 UTC Eyjafjallajokull - 6 May 2010 17h30 UTC Eyjafjallajokull - 6 May 2010 17h30 UTC
“rzmiai g \

, artefacts - No artefact

+45% true ash
detection

Ash cloud area: N Ash cloud area:
0.85x10°km? o (B 1.24x10°km?

Figure 2. Maps of ash cloud detected during the 6 May 2010 Eyjafjallajokull eruption at 17:30 UTC
using the (a) 2-band, (b) 3-band, and (c) 5-band methods, respectively.

2.2. “Ash Plume Altitude” Product

Infrared methods also allow the characterization of the ash cloud top altitude, which is critical
information for aviation safety. For this purpose, we use the brightness temperature of the cloud
surface at 11 um. This temperature value is then compared to an atmospheric temperature-altitude
profile (theoretical or measured from radio-sounding), thus allowing a first order estimation of the
cloud altitude. This technique is known as the CTT method (i.e., Cloud Top Temperature) and relies on
several assumptions: (i) the cloud must be optically thick (T > 5) so that the brightness temperature
is representative of the true cloud surface temperature. (ii) The ash particles must be in thermal
equilibrium with the temperature of the ambient air. (iii) This method is only applicable to tropospheric
emissions since the atmospheric temperature profile above the tropopause is not monotonic. It is
therefore impossible to obtain a single solution.

The product “Ash-Cloud altitude” provided in HOTVOLC uses the CTT method. Practically, and
for operational purposes, we use climatic models to derive temperature-altitude profiles in real-time.
There are 4 different models hereafter named midlat_midseason, midlat_summer, midlat_winter,
and tropical. For volcanic emissions between —23° and +23° latitude, the tropical profile is used, in
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other cases middle latitude profiles are used. In this latter case, the date of eruption is used to select
between summer, winter or midseason profile.

2.3. “Ash Plume Mass” Product

TIR sensors have proven to be very useful for the operational characterization of volcanic ash cloud.
They allow reliable 24/7 detection as demonstrated above from various techniques all using differential
extinction properties of silicate particles. Since the 1990s, the quantitative ash concentration was made
possible from the inversion of satellite-based TIR data [4,32]. In that aim, a retrieval scheme has been
developed and used in HOTVOLC. Inversion of satellite-based TIR data requires the development
of a forward electromagnetic (EM) model that realistically accounts for the physics of the problem
(i.e., source conditions, EM theory, geometrical setting, etc.). The TIR radiation from Earth is used as
the source of energy (here after referred to as the spectral radiance) whose distribution is isotropic in
the upper half-space and of constant intensity, at first order. In the presence of an ash cloud, a fraction
of this energy is absorbed and scattered by silicate particles according to the Mie theory and does not
reach the sensor. [4] Developed a forward model describing the physics of ash cloud characterization
from satellite-based IR sensors. They define a linear model of the at-sensor spectral radiance L(A)
such as:

L(A) = teesB(A, Ts) + eB(A, Te) 1)

e T the brightness temperature of the ground surface
e T the brightness temperature of the cloud top

e B the Planck function

e &5 the emissivity of the ground surface

e ¢, the emissivity of the cloud

e f. Transmissivity of the cloud

e [ the at-sensor spectral radiance

To solve for the cloud emissivity, the cloud reflectivity (r.) must be added [33] in the above
equation so that we can rewrite the at-sensor radiance by a combination of the cloud transmissivity
and reflectivity only:

L(A) = (1 =rc(re, tc))esB(A, Te) + te(re, tc) (B(A, Ts) — B(A, T¢)) )

A synthetic at-sensor radiance L(A) can thus be estimated for any wavelengths (Equation (2)) from
the calculation of the transmissivity and reflectivity using a Radiative Transfer Model (RTM). The two
parameters being a function of the effective radius (r.) of the particles and the optical thickness () of
the cloud. The calculation of the reflectivity and transmissivity of the medium can be very complex
depending on assumption made and boundary conditions. In the case of ash cloud, we have chosen to
adapt a two-stream method to solve the radiative transfer equation (RTE):

1
wr =1 =% [ PO + (o) ®
T -1
where [ is the diffuse radiance, i the cosine of the zenith angle, P(p, 1) is the axially-symmetric phase
function defining the light incident at u” which scattered in the direction p. 7 is the optical depth and
w is the single scattering albedo. The underlying idea is that for a thick plane parallel cloud of ash,
the angular distribution of the diffuse radiance does not change radically (i.e., ~isotropic) as in [34].
The strategy is thus to introduce an effective angular-averaged intensity consisting of only two streams
(upward I" and downward I!). The so-called two-stream methods (such as Eddington approximation)
provide analytical solutions to the single layer plane-parallel radiative transfer equation. There are
many related two-stream methods that approximate the angular radiance field with two numbers
(e.g., constant hemisphere [I*, I"], two-point quadrature [I(+u;), I(—p1)], Eddington 1st moment
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[I() =Ip + L u]). In our conditions of acquisition, two-stream methods give very good results and
ensure a fast computational speed. This is a critical point for providing quantitative estimates of the
ash concentration in operational fashion. Many versions of two-stream methods exist, and have their
own specificities: (i) the ones from [34] or [35] are more adapted to thin ash clouds (t.< 5), while (ii)
for thick ash cloud (7, >> 5), the delta-Eddington approximation [36], should be used for direct beam
modelling. Assuming that the angular radiance field can be approximated by the two-term Legendre
polynomial function, the Eddington approximation is written as follows:

I(t, 1) = Io(7) + 1 () 4

In our specific case, the boundary conditions of the problem say that the medium is illuminated
from below by a known source of diffuse radiation (i.e., TIR Earth radiation), such as:

IO, -p, @) =+Fo and N7 +p,p) =0 ()

Then, for a single scattering albedo @ < 1, and whatever the cloud thickness (7.), HOTVOLC uses
the Eddington approximation, where the reflectivity (R) and transmissivity (T) of the cloud can be
written as:

1— u2 ekr _ Jkt
R (1- W) - ) , T— au ©)
(1-U)%ekt — (1 4 U)?eke (1-U)%e kT — (1 4 U)%eke
with
| 4(l-w) B ~ ~
u= m P k= (1 (L))(l a)g) (7)

From the calculation of R and T, we solve Equation (2) and provide a synthetic at-sensor radiance
pair L(A;) and L(A;), by defining the effective radius (r.) and the optical depth (7.) defined as:

3
. o ®

B f r2n(r)dr

T, = nL f:o erext(r,/\)n(r)dr 9)

where Q. is the Mie extinction efficiency. This forward model allows a theoretical look-up table
(LUT) to be generated for sets of variations of both 7, and 7. as a function of brightness temperatures
(or equivalent radiances). The inverse procedure thus consists in retrieving, by best fit matching,
the values of 7, and 7. that correspond to recorded brightness temperature pair. Finally, the total
mass of ash particle in a given pixel can be calculated from the integral of the grain size distribution
(GSD) of effective radius retrieved. Usually, the GSD used for the LUT generation is polydisperse
being either lognormal or modified-gamma distribution. In this case the total mass (in kg) in a pixel is
calculated following:

M= Ls%pf u(r)dr (10)
0

It can be very convenient to express the total mass as a function of the extinction efficiency as the
cloud geometric thickness (L) vanishes from the equation in favour of the optical depth (z.) such as:

f nr?n(r)dr

4
M=52prae—tt T
3P Cf Qextrtr?n(r)dr

(11)
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Interestingly, for a uniform distribution n(r) = 1, the integrals vanish such that the total mass in a
given pixel can simply be written as:

M P TeTe (12)

4

=° 3Qext

IR imager such as SEVIRI provide plane-parallel (2D) images of the ash cloud, and the mass
given in a pixel is the sub-vertical integration of particles loading from the ground to the sensor and
usually referred to as vertical column densities (VCD). As a result, we can ultimately provide a “surface
concentration” of the cloud, usually expressed in g/m?, from the ratio of the total mass over the pixel
surface M/S. However, the LUT computing time remains relatively high compared to the METEOSAT
acquisition frequency (1 image/15 min), even if the improvement of the computational routines should
allow the production of real-time deliverable in near future. In the current version of HOTVOLC,
look-up tables are pre-computed from the Eddington approximation for a wide range of standard input
parameters (GSD, optical depth, ground BT, emissivity, refractive index, etc.). Then, vertical column
densities of ash (referred to as VCD_ash) have been systematically inferred from the inversion of
benchmarks case studies (e.g., Etna, Eyjafjallajokull), allowing a simple parameterization of VCD_ash
from the ash cloud brightness temperature at 10.8 um (BT_10.8). Therefore, the computation of first
order ash vertical column densities is immediate, expressed in g/m?, and of the form:

VCD_ash = a X exp(B x BT_10.8) (13)

where « and § are coefficients obtained by best fit matching, and BT_10.8 is the ash cloud top brightness
temperature at 10.8 pm on the satellite image. In reality, the ash cloud has a finite vertical extent,
referred to as the geometrical thickness (L), and in cases where it is known, one can derive an
average concentration M/LS, usually expressed in mg/m3. However, the thickness of the cloud is
quite impossible to obtain in real-time as Lidar transects are scarce. Some studies of plume rise in
stable stratified atmospheres (EUM/MTG/DOC/10/0560) suggest that, to a reasonable approximation,
the vertical extent of a plume could be estimated from the cloud top height (ztp) following:

L = 0420y (14)

However, Lidar distal measurements carried out during the April 2010 Eyjafjallajokull eruption,
provide much lower ash cloud thickness estimate of ~1 km [37—40]. In this case, and in absence of
direct Lidar measurements, we suggest using this reference value for the calculation of the average
concentration (Eush) from VCD_ash as follows:

C,on = VCD_ash/L (15)

with
L =1000 m (16)

For example, a vertical column density of 1 g/m? homogeneously distributed over 1000 m of
thickness gives 1 mg/m3. This approximation probably gives a maximum estimate close to the vent
where cloud thickness can be higher. But, since we cannot estimate plume thickness to any greater
accuracy, this represents an interesting approach in the context of operational air risk mitigation.
A number of explosive eruptions have already been characterized using this methodology developed
for the HOTVOLC system: this includes in particular the Eyjafjallajokull 2010, eruption [38], the Etna
2013, eruption, [41] or the Anak-Krakatoa, 2018, eruption [10].

Here we present a new case study (Figure 3) during the 24 December 2018 Etna eruption at
12:15 UTC, in order to show the different HOTVOLC products. Those images are screenshots of the
web-GIS interface and have been calculated automatically in real-time. In the first panel, the ASH_5
product allows a clear and unambiguous detection of the ash cloud drifting southeastwardly, right above
the Catania international airport, located in the same direction at ~15 km away from the summit
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craters. The maximum split-window BTD recorded lies around —2.5 K. The vertical column densities
(VCD_ash) are provided in the second panel showing a maximum of 6 g/m? at the end of the plume,
and considering an average cloud thickness of 1000 m, one can estimate an ash cloud concentration
of ~6 mg/m3, which is well above the threshold value of 4 mg/m3, referenced since 2010 as a “high”
level of contamination in the ICAQ volcanic ash contingency plan for the EUR/NAT (EURopean and
North ATlantic) region. In Figure 3c, the ash cloud top altitude is estimated to be ~7 km a.s.1., which is
in fairly good agreement with [42] providing a vertical plume top height in the range 68 km at the
eruption start from both SEVIRI sensor and ground visible imagery. Similarly, VIIRS satellite data
from [43] give a maximum plume top height of 8800 m. In Figure 3d, we show the contour product
developed and used by the HOTVOLC system. This is a shape file automatically calculated at each
image and producing a contour line around the volcanic ash cloud. This is interesting as it can be
compared directly with contours provided on VAG advisories by the Toulouse VAAC.

Mt. Etna Mt. Etna
]

max =6 g/m?

Etna - 20181224 ke Etna - 20181224

Altitude Contour

Mt. Etna Mt. Etna
area = 2532 km?2

Etna - 20181224 Etna - 20181224

Figure 3. Ash cloud satellite products provided by the HOTVOLC system during the 24 December 2018
eruption and showing (a) the brightness temperature difference (in degree K) using ASH-5 detection
product, (b) the vertical column density (VCD_ash) that provide a measure of ash loading in the cloud
(in g/m?), then (c) the top ash cloud altitude (in km a.s.l.) and finally (d) the cloud contour.

3. Case Study: The 3 July 2019 Stromboli Eruption

Stromboli is a stratovolcano located in the Aeolian Islands (south Italy) culminating at an altitude
of 924 m. It is characterized by persistent activity, consisting of mild, so-called Strombolian explosions,
occurring several times an hour for more than a millennium. Related pyroclasts ejected consist
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essentially in black lapilli, scoria and incandescent bombs up to 100-150 m of height above the
eruptive vents. The active summit vents are located at the head of the Sciara del Fuoco (750 m
a.s.l.), where occasional lava flows pour out, and sometimes reaching the sea. The ordinary explosive
activity is interrupted by larger explosions producing ash plumes up to several kilometres high and
transported in the atmosphere to distal locations (i.e., few tens of kilometres). These major events are
conventionally called “paroxysms” [44] and result from the rise of a deeper volatile-rich low porphyritic
magma producing black scoria to yellow pumice with, sometimes, a significant fraction of fine ash [45].
Such events are not uncommon, and have occurred at least three times in the past twenty years in 2003,
2007 and 2019. However, as in 3 July 2019, no precursor has been recorded prior to the paroxysmal
explosion taking scientists and inhabitants of the island by surprise. In this context, we show here that
satellite-based images can be helpful to trigger the alert and provide timely information on ash cloud
concentration and altitude.

HOTVOLC is a real-time monitoring system providing images every 15 min over 50 volcanic
targets, including Stromboli. In addition to standard parameters of spectral radiance and temperature,
The HOTVOLC system provides high value-added products on lava flow anomalies, sulphur dioxide
and ash clouds. Thermal anomalies detected using NTI" (Normalized Thermal Index) refer automatically
to an alert by colour code depending on the intensity (i.e., total spectral radiance —TSR) of the lava
effusion (green, yellow, red) and is particularly adapted to effusive activity (ex. Piton de la Fournaise).
For highly explosive eruption, generating ash plumes, ash indices have been developed to identify
ash-bearing pixels, allowing to expert user to trigger the alert.

On 3 July 2019 a giant gas bubble burst at the summit crater of Stromboli at about 14:45 UTC
followed by the formation of an ash plume and a strong SO, emission. However, the Toulouse VAAC
did not receive VONA from the volcano observatory and was alerted by a SIGMET (SIGnificant
METeorological Information) issued by the Roma Meteorological Watch Office. At the exact same
instant, the HOTVOLC system, which is used routinely by Toulouse VAAC, was providing real-time
images showing the presence of an ash plume above Stromboli, which confirmed that an eruption was
indeed in progress. In Figure 4, we provide 6 successive images (every 15 min) showing the ash plume
from the onset of the eruption at 14:45 UTC hence demonstrating the capability of the HOTVOLC
system to provide timely information for early warning.

Two different layers are used here: the background is the “Cloud-RGB” product, and the
foreground is the “ASH-3" product allowing ash to be identified using a rainbow colorbar. From the
image a 15:00 UTC, the ash plume altitude has been estimated to be in the range 4-7 km a.s.l. from
the “ash-plume altitude” product, and the ash cloud load has been estimated to be 1-4 g/m? using
the “ash-plume-concentration” product. This information is calculated automatically and provided in
real-time on the HOTVOLC interface. Both information are critical as the plume altitude could be used
to derive source Mass Eruption Rate (MER) in VATD models such as MOCAGE-Accident run by the
Toulouse VAAC. Then, the ash plume concentration products could be used to calibrate and/or validate
contamination charts produced by the VAACs in near real-time. HOTVOLC is currently used as visual
and qualitative tool by the Toulouse VAAC for decision support, however, automated ingestion of
HOTVOLC data products are not implemented yet. It will also be the subject of future developments.

A little later, around 16:00 UTC, the ash cloud was greatly diluted after being transported eastward
for barely 2 h. Interestingly, a light green colour on the “Cloud-RGB” product indicates the presence
of SO; in the atmosphere. In Figure 5, we provide the VAA and VAG messages issued by the VAAC
of Toulouse during the 3 July 2019 Stromboli eruption. The VAA mentions the eruption start time
at 14:48 UTC, which is coherent with the first image detected by HOTVOLC. It also mentions that
at 17:00 UTC the plume is mainly composed of SO, with ash plume present below FL300 (Flight
Level 30,000 feet, ~9 km), which is here again very consistent with satellite observations provided
by HOTVOLC.
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3 July 2019-14:45 UTC 3 July 2019 -15:00 UTC 3 July 2019-15:15 UTC
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Figure 4. Ash cloud detected by the HOTVOLC system using the ASH-3 product during the 3 July 2019
Stromboli eruption from (a) 14h45 UTC: start of the eruption, (b) 15h00 UTC: maximum concentration,
(c) 15h15 UTC, (d) 15h30 UTC, (e) 15h45 UTC, (f) 16h00 UTC.

ISTROMBOLI : 3 July 2019 - 17h00 UTC 03111 700Z

VA ADVISORY

DTG: 20190763/1700Z . | ‘ . ‘
VAAC: TOULOUSE b e B S T U JP S W e}
VOLCANO: STROMBOLI 211040 ‘
PSN: N3847 EG1512

AREA: ITALY

SUMMIT ELEV: 024M
ADVISORY NR: 2019/01

INFO SOURCE: INGV WEBCAM, |SAT IMAGERY

AVIATION COLOUR CODE: NIL

ERUPTION DETAILS: EXPLOSIVE ERUPTION OCCURED|AT 1448Z

0BS VA DTG: ©3/1706Z
0BS VA CLD: SFC/FL300 N3900 E©1450 - N3900 E01550 - N3825 EG1555 -

N2825 EO1445 - N390@ E01450 MOV E 1OKT S SERCETEEES SRR - \ Tt SRR R N
FCST VA CLD +6HR: ©2/2300Z NO VA EXP Nz E 15E 14E i 16E I7E ns E
FCST VA CLD +12HR: ©4/0500Z NO VA EXP VOLCANIC ASH ADVISORY ADVISORY NR: 2019/01 M

FCST VA CLD +18HR: ©4/1100Z NO VA EXP DTG: 2019070317002 INFO SOURCE: INGY WEBCAM, SAT IMAGERY m
RMK: CURRENT OBSERVED PLUME MAINLY COMPOSED OF S02. SOME VOLCANIC VAACITOULOUSE AVIATION COLOUR CODE: NiL

ASH WAS PRESENT IN THE VICINITY OF THE VOLCANO BELOW FL3@® WHEN THE 1211040 DETAILS: EXPLOSIVE ERUPTION OCCURED AT 14482
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Figure 5. VAA and VAG issued by Toulouse VAAC during the 3 July 2019 Stromboli eruption.
4. MOCAGE-Accident: Parametric Study

MOCAGE-Accident is the global Eulerian dispersion model used by VAAC Toulouse. It is based
upon the MOCAGE three-dimensional chemistry and transport model developed by Météo-France
for the numerical simulation of the interactions between dynamical, physical and chemical processes
in the lower stratosphere and in the troposphere, from the regional to the global scale [46,47].
MOCAGE-Accident is a specific version of MOCAGE, where chemical processes are deactivated,
and optimization reinforced, to allow a faster response in operations: the first 12 h of simulation
are available within 5 min. It uses an explicit semi-Lagrangian scheme to describe advection,



Atmosphere 2020, 11, 864 12 of 18

and parameterization schemes to describe turbulent diffusion and convection, as well as scavenging
and sedimentation. MOCAGE-Accident runs in off-line mode, using Météo-France ARPEGE or
ECMWEF/IFES (European Centre for Medium-Range Weather Forecasts) operational NWP products as
dynamical forcing. For this study, ARPEGE meteorological data were extracted from Météo-France
operational database. The main fields used are the temperature, the humidity, and the wind related
fields. These meteorological data include 28 pressure levels, from 1000 to 10 mb, with a time resolution
of 3 h, a horizontal resolution of 0.5° for a global domain and a resolution of 0.1° for a nested 60° x 60°
domain centred on the eruption. MOCAGE-Accident internal grid resolution is also 0.5° on a global
domain, and 0.1° on the nested domain.

In this section, are presented a series of parametric tests on the Eyjafjallajokull 2010, eruption in
order to assess the sensitivity of ash column densities forecasted by MOCAGE-Accident. In addition
to meteorological data mentioned above, MOCAGE-Accident needs a set of volcanological input
parameters, this includes in particular: the Total Grain Size Distribution (TGSD), the ash column
profile (ex. uniform, umbrella, etc.), the top plume height (H) and the source Mass Eruption Rate
(MER). Practically, it uses observed plume top height to infer the MER from the empirical relationship
given by [48]. Then, a partition coefficient (¢) is applied to the source MER (such as ¢ x MER)
in order to take into account the fine ash fraction only, which alone can be transported to distal
location in the atmosphere. A variety of output products can be provided by MOCAGE-Accident.
It comprises the concentration at different pressure level, total column densities or concentration
charts (i.e., with thresholds identified by a colour code). A sensitivity study has been carried out by
varying the input parameters in MOCAGE-Accident. In Figure 6, we provide the total vertical column
densities (VCD) at the top-of-atmosphere for 6 cases, so that it can be further compared with VCD
provided by HOTVOLC data. Input parameters used are summarized in Table 1 and show different
configurations of simulation. In particular, we tested a standard partitioning coefficient of ¢ = 5%
and a modified one of 3.2% (case b). According to [49], the latter is assumed to be the best choice
for this eruption. The default VAAC operational TGSD is used (case d) as well as a specific TGSD
defined for Eyjafjallajokull 2010, eruption from [6]. The ash column profile above vent is set either
uniform or umbrella-shaped (case ¢, f) using the Suzuki parameters [50]. As described above, the
formulation from Mastin et al., 2009 is used in all cases, so there is a trade-off between the plume top
height and the source MER. The default altitude [51] for April 17 is defined at 5584 m above vent,
and leading to a default MER of 3.5 x 10° kg/s. A 1000-m lower value is tested (case c) leading to a
MER of 1.8 x 10° kg/s. Resulting maximum VCD corresponding to above-vent values at the top of the
ash column are given in Table 1.

Table 1. Summary of MOCAGE-Accident simulation inputs and outputs.

Fraction . Plume Height Max VCD
Case (%) TGSD Profile (m) MER (Kg/s) (g/m?)

a 5 Eyjafjallajokull 2010 Uniform 6584 3.5x%x10° 190

b 3.2 Eyjafjallajokull 2010 Uniform 6584 3.5x%x10° 122

C 5 Eyjafjallajokull 2010 Uniform 5584 1.8 x 10° 91.7

d 5 Default Uniform 6584 3.5x10° 199
AP, Umbrella 5

e 5 Eyjafjallajokull 2010 (S.02_02) 6584 3.5 %10 192
7 ea Umbrella 5

f 5 Eyjafjallajokull 2010 (S_08_04) 6584 35 %10 206

Considering case a as a reference with a maximum VCD at 190 g/m?, we can thus compare the
effect of each parameter on the maximum VCD. Firstly, one can observe (case c) that a lower ash column
of 1000 m decreases by a factor of ~2 the source MER using [48] relationship: the resulting effect on the
maximum VCD is thus significant, lying at 91.7 g/m?. This stresses the importance of accurate plume
height measurements during the course of an eruption. Secondly, the partitioning coefficient (¢) is not
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negligible as using 3.2% instead of 5% (case b) decreases significantly the maximum VCD going from
190 to 122 g/m?. Finally, the use of the default TGSD and the umbrella column profile both slightly
increase the maximum VCD.

For the production of VCD maps displayed in Figure 6, ash was released continuously from
the April 16 at 03:00 UTC using MER and other parameters summarized in Table 1. Each panel
represents the situation occurring on April 17 at 17:00 UTC. The shape of the plume and VCD intensities
follow the results already described in Table 1 for maximum VCD. Interestingly, we highlighted the
1 g/m? isoline (red dotted line) in order to better compare the shape of each atmospheric discharge,
but also because this value is close to the ash detection threshold of METEOSAT satellite used by
HOTVOLC. Unsurprisingly, case ¢ shows the smallest 1 g/m? envelope, while case f shows the
narrowest plume. The black solid line represents the ash cloud contour (using “contour” product) as
detected by HOTVOLC at the same instant.

MOCAGE-accident MOCAGE-accident MOCAGE-accident

Total column (ka/m?)

MOCAGE-accident

Total column (kg/m?) Total column (kg/m?) Total column (kg/m?)

Figure 6. Simulations of ash cloud transport and dispersion using MOCAGE-Accident model during the
Eyjafjallajokull eruption on 17 April 2010 at 17:00 UTC. (a—f) Each run uses different input parameters
summarized in the image (and in Table 1). Ash cloud colours represent the total column (kg/m?) and
also referred to as VCD.

5. HOTVOLC vs. MOCAGE-Accident Comparison

In Figure 7, we made a comparison of the cloud shape and VCD values between one simulation
from MOCAGE-Accident and satellite observations from HOTVOLC. Figure 7a stands for the case ¢
(see Table 1 for input parameters used), and represents VCD values of the ash cloud (expressed here
in g/m?) on April 17 at 17:00 UTC. The red dotted line represents the threshold envelop at 1 g/m?.
The Figure 7b displays the ash cloud VCD calculated from the “VCD_ash” algorithm of HOTVOLC
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described above, and expressed in g/m?. The image is taken at exactly the same time (17/04 at 17:00 UTC)
with VCD values ranging from 1 g/m? in the outside of the cloud (the most diluted part) to 5 g/m?
in the inside of the cloud (the densest part). This is consistent with most observations of ash clouds,
at least close to the eruption site, because ash emissions are produced from a point-source (i.e., the vent).
These features are comparable with the VCD map (Figure 7a) produced by MOCAGE-Accident,
although showing higher values. Note that close to the vent, no ash was detected from satellite data.
At this location we assume that the amount of water droplets (or ice crystals) was significant, leading to
positive BTD values, and preventing from any ash detection, whatever the method used. In Figure 7c,
the threshold envelope at 1 g/m? computed by MOCAGE-Accident (red dotted line) is compared,
with the interpolated outer envelope from HOTVOLC (white dotted line), approximately lying around
the VCD value at 1g/m? (medium pink pixels in Figure 7b). The comparison shows that both the cloud
geometry and quantitative VCD values from modelled and observed data are close. Discrepancies
regarding higher modelled VCD values close to the vent and in the central part of the cloud can be
explained in two ways: (i) several studies suggest that particles larger than ~30 um cannot be retrieved
from IR satellite techniques [52], thus preventing from ash-rich cloud regions detection. The overall
underestimation associated from this issue is estimated to be at least 50% [19,52,53]. (ii) The discrepancy
can also be explained by the absence of appropriate sedimentation processes in the model. Indeed,
in the proximal regions, fine ash sedimentation can be greatly enhanced due to processes like particle
aggregation [54-56], or collective settling [49,57]. Neglecting these effects may artificially increase the
ash concentration forecasted in the cloud.

MOCAGE-accident HOTVOLC
Vertical Column Densities (VCD) Vertical Column Densities (VCD) HOTVOLC vs. Mocage-accident

17 April 2010~ 1700 UTC - -- - isoline =1g/m? (HOTVOLC detection limit)

(107 (10} (109

VCD (g/m?)

Figure 7. Comparisons of VCD values (in g/m?) between (a) ash dispersion simulations run by
MOCAGE-Accident model and (b) satellite retrieval using HOTVOLC products. (c) Superposition of
the 1 g/m? envelope from both methods.

6. Conclusions and Discussions

This study shows how the satellite-based system HOTVOLC can help with operational
management of explosive volcanic crisis in coordination with the Toulouse VAAC. This is based,
in particular, on the ability to provide reliable satellite products and respond in a timely manner.

o  Therefore, we first presented newly developed satellite products dedicated to ash clouds
retrieval from HOTVOLC system. This includes: (i) “ASH-5 bands” product for improved
ash discrimination, (ii) the “ash plume altitude” product providing the top altitude of the cloud,
(iii) the “ash plume mass” product that stands for vertical column densities (VCD) and (iv)
“ash plume contour” product showing a raw contour line around the cloud. Several eruptions
have been characterized using these products, and in this study, we provide new results from the
24 December 2018 Etna eruption. Then, from a detailed sequence of the 3 July 2018 paroxysm at
Stromboli, we demonstrate the ability of the HOTVOLC system to react quickly and to assist the



Atmosphere 2020, 11, 864 15 of 18

Toulouse VAAC in the operational management of the eruptive crisis. This is particularly true at
unmonitored volcanoes or when a VONA cannot be issued right in time.

e Inthesecond part of the study, simulations of ash cloud transport and dispersion have been carried
out using MOCAGE-Accident model run by the Toulouse VAAC, during the Eyjafjallajokull
eruption on 17 April 2010. The first objective was to assess the model sensitivity to eruption source
parameters. For this purpose, we tested a range of input variables of MOCAGE-Accident model,
including the Total Grain Size Distribution (TGSD), the eruptive column profile, the top plume
height and Mass eruption rate (MER), as well as the fine ash partitioning. Overall, the study of
resulting VCD allows us to say that the MER is the parameter having the most impact. Importantly,
since MER are inferred from ash column height (H), this means that the estimation of H is critical for
the generation of accurate forecast ash maps. Finally, a comparison has been carried out on the same
image of Eyjafjallajokull eruption between simulated VCD (from ash dispersion simulations run
by MOCAGE-Accident model) and observed VCD (satellite retrieval using HOTVOLC products).
In particular, the threshold envelope at 1 g/m? computed by MOCAGE-Accident (see Figure 7 for
input parameters) fits rather well with the one provided from satellite observations.

e New developments of the HOTVOLC system should be carried in the coming years. This includes
in particular (i) the ingestion of atmospheric sounding data or 3D atmospheric weather forecast
model. Such improvement must help estimating the ash cloud top altitude (H) by increasing
the vertical temperature profile accuracy of the atmosphere. This is particularly important as H
controls mostly the MER and hence the ash cloud concentration. (ii) We have shown that VCD
can be derived with a relatively good accuracy, but the concentration (in g/m®) along the vertical
cloud thickness is much more difficult to estimate, yet it is a critical parameter for aviation safety.
For this purpose, the automated ingestion of Lidar transects within HOTVOLC interface should be
valuable to better estimate systematically the plume top altitude and the cloud vertical thickness,
which are essential for the MER estimation and the vertical concentration, respectively.

e  Finally, the systematic use of the HOTVOLC interface by the Toulouse VAAC will be developed,
as it constitutes a valuable help in terms of air risk management. This includes in particular (i) early
and unambiguous detection of ash when VONA could not be issued by the volcano observatory
(ii) near real-time comparison of observed and forecast ash concentration, cloud altitude and
location. (iii) The wide range of eruptions archived on the HOTVOLC system will serve as test
cases to train VAAC experts on ash cloud detection and the assessment of its dynamics over time.
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