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Abstract

Sangay volcano (Ecuador) shows a quasi-continuous activity at least since the seventeenth century and has produced several
eruptions which affected towns and cities at considerable distance (up to > 170 km). For this reason, despite its remote
location, recent efforts were aimed at reviewing its volcanic history, quantifying the occurrence probability of four eruptive
scenarios of different magnitude (Strong Ash Venting, Violent Strombolian, sub-Plinian, and Plinian) and the associated
uncertainty, and, for each eruptive scenario, estimating the probability distribution of key eruptive source parameters (fallout
volume, average plume height, and eruption duration). In this study, we utilize such information to produce probabilistic
hazard maps and curves. To this aim, we use coupled plume and dispersal models (PLUME-MOM-TSM and HYSPLIT,
respectively) with the application of a novel workflow for running an ensemble of thousands of simulations following a sto-
chastic sampling of input parameters. We produced probabilistic hazard maps for each scenario by considering four ground
load thresholds (i.e., 0.1, 1, 10, and 100 kg/m?) and two types of model initialization strategies, based on the elicited total
deposit volume and on the elicited plume height, respectively, which produced non-negligible differences. In addition, we
produced hazard curves for nine sites of interest from a risk perspective, corresponding to towns/cities potentially affected
by tephra accumulation. Finally, we also derived combined maps by merging maps of single scenarios with their probability
of occurrence as obtained from expert elicitation. Results indicate that in case of a future eruption, even for a moderate-
scale one (Violent Strombolian), probability of tephra accumulation larger than 1 kg/m? is relatively high (from 21 to 24%
considering different model initializations) in the town of Guamote, i.e., the most severely affected site among those tested
(43 km W of Sangay). For larger-scale events (i.e., sub-Plinian), the impact of tephra accumulation results to be significant
even for the city of Guayaquil (176 km W of Sangay), with probability of tephra accumulation larger than 1 kg/m? from 3
to 22% considering different model initializations. For maps combining single maps of historically observed scenarios, the
probability (% - [5-Mean-95™]) of having > 10 kg/m? for Guamote is [4-13-25] as maximum values.
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Introduction

Tephra accumulation on the ground is undoubtedly one of
the major hazard sources from volcanic eruptions, due to
its impact over large areas (>100 km?; Blong 1996) and
on many aspects of human life and activities (e.g., farm-
land/livestock, Annen and Wagner 2003; human health,
Baxter and Horwell 2015; electrical infrastructure, Beb-
bington et al. 2008; roads/transportation systems, Barsotti
et al. 2010; buildings stability, Macedonio and Costa 2012;
water reservoirs and vegetation, Wilson et al. 2012; crops,
Ligot et al. 2024). To cope with such hazards, one of the
main tools for both short-term volcanic crises management
and long-term urban planning is represented by probabilis-
tic hazard maps. Such products rely on Monte Carlo tech-
niques (Hurst and Smith 2004; Yang et al. 2020) to sample
input parameters used to run numerical models of tephra
transport and deposition, which are ultimately integrated
to create hazard maps (e.g., HAZMAP, Michaud-Dubuy
et al. 2021; TEPHRAZ2, Biass and Bonadonna 2013;
FALL3D, Vazquez et al. 2019; VOL-CALPUFF, Barsotti
et al. 2018; ASH3D, Barker et al. 2019; HYSPLIT, Tadini
et al. 2022). In the context of probabilistic hazard map
development, the quantification of the major sources of
uncertainty is critically important in the estimation of
eruptive source parameters (ESPs) and of the probabilities
of occurrence of the identified scenarios, conditional on an
eruption occurring within defined temporal frames (Bevil-
acqua et al. 2016; Sandri et al. 2016; Aravena et al. 2023).
Examples for volcanic hazard studies that incorporate
strategies of uncertainty quantification and propagation

include comparison between available field data and exist-
ing global volcanological databases (Biass and Bonadonna
2013), how large is the uncertainty in estimating input
parameters from field data (e.g., Biass and Bonadonna
2011; Constantinescu et al. 2022; Yang and Jenkins 2023),
how the input uncertainty propagates through the model
(e.g., Woodhouse et al. 2015; de’ Michieli Vitturi et al.
2016; Tadini et al. 2020), and how it is influenced by wind
field variability (e.g., Macedonio et al. 2016; Madankan
et al. 2014; Stefanescu et al. 2014). Among the various
techniques to quantify uncertainty in the above-mentioned
situations, structured expert judgment has revealed to be
particularly useful in case few volcanological information
is available (see e.g. Neri et al. 2008; 2015; Tadini et al.
2017b; 2021; Bevilacqua et al. 2015; 2022).

In this paper, we present probabilistic tephra fallout haz-
ard maps for Sangay volcano (Ecuador), located ~200 km
south of Ecuador’s capital city Quito and 175 km to the east
of Guayaquil, the main maritime port and commercial capi-
tal of the country (Fig. 1). Because of its location, extreme
humid weather conditions, and access limited to a difficult
two-day trail, Sangay’s geology and recent activity are still
poorly known (Monzier et al. 1999). For this reason, Sangay
volcano has been the topic of a companion study (Bernard
et al. 2024) that includes characterization of its eruptive
activity and quantification (through an expert elicitation) of
the occurrence probability of different eruptive scenarios
as well as the probability distribution of their ESPs. The
approach described here, similarly to Tadini et al. (2022),
utilizes the tephra transport and dispersal model HYSPLIT
(Stein et al. 2015) to run a set of simulations whose results
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Fig.1 a Location of Sangay volcano (red triangle) in Ecuador (the
black dotted line marks national boundaries). The blue square repre-

sents the location of the capital city (Quito), and the black dots indi-
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cate some towns/cities potentially affected by Sangay volcano tephra
fallout. b Picture of Sangay volcano on 27/12/2021 (taken from 6 km
WSW from the vent)
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are then used to produce hazard maps. To improve the rep-
resentation of the conditions at the volcanic source, we ini-
tialized HYSPLIT with the results of the eruption column
model PLUME-MoM-TSM (de' Michieli Vitturi and Pardini
2021) through a novel workflow that incorporates uncer-
tainty quantification and propagation by using two different
model initializations.

This study is organized as follows. We first summarize the
results of Bernard et al. (2024) on Sangay volcano eruptive
history and expert elicitation findings in the “Background”
section. Then, in the “Methods” section, we describe the
modeling strategy, the uncertainty quantification for ESPs
and occurrence probability of eruptive scenarios, and the
procedure for the production of hazard maps and hazard
curves. Finally, the “Results” and “Discussion” sections
focus, respectively, on the presentation of the hazard maps/
curves and on the discussion of their main implications,
while the “Concluding remarks” section draws some final
considerations.

Background
Sangay volcano eruptive activity

Bernard et al. (Bernard et al. 2024) classified the activity
of Sangay in quiescence, weak eruptive activity, enhanced
eruptive activity, and eruptive pulses. This classification is
based on the direct observation of the last ~25 years and
historical accounts of the last ~400 years.

Quiescence is defined as a state of calm or inactivity for
a relatively prolonged period and occurred six times in the
2000-2024 interval (Vasconez et al. 2022). These periods
lasted between 5 and 20 months and during them, few iso-
lated ash emissions occurred, whose products impacted only
the immediate vicinity (100’s m) of the crater and fumarole
fields.

Weak eruptive activity is instead the most common
behavior of Sangay volcano during the 2000-2024 interval.
Bernard et al. (2024) identified two types of weak eruptive
activity, namely long-lasting periods (up to several years)
and short episodes (few weeks to months). The formers are
characterized by a low rate of seismic events (~8-18 per
day), a low lava emission rate (~0.3 m’/s), and SO, degas-
sing undetectable by satellite. Short episodes are instead
characterized by intermediate seismic event rates (~72-88
per day), intermediate lava emission rates (~0.8—1.5 m’/s),
and low SO, degassing (up to 224 t/day). Both are classified
as weak eruptive activity because of the absence of impact
outside the volcanic cone.

Enhanced eruptive activity has been consistently observed
in the 2000-2024 interval and has manifested itself as an
increase (from weak activity) in lava emission rate (average

5 m?/s), in the frequency of explosions (up to 1000 events
per day) and, more consistently, in SO, degassing (up to
4500 t/day). Enhanced eruptive activity produces frequent
ash fallout in local communities, as well as increased sedi-
mentation in rivers flowing down from the volcano.

Finally, eruptive pulses, which occur at a much shorter
time scale than the previous types of activity, are predomi-
nantly explosive and have been classified by Bernard et al.
(2024) in four categories (from small to large size): Strong
Ash Venting (SAV), Violent Strombolian (VS), sub-Plinian
(SPL), and Plinian (PL). Among them, only the first two
categories have been observed over the past 20 years. SAV
events have frequently been associated with peaks of lava
emission rate and PDCs formation (Vasconez et al. 2022;
Bernard et al. 2024; Hidalgo et al. 2022) and lasted for
hours to days with bent column height < 5 km above crater
and sometimes higher (up to 8 km above crater) pulsa-
tile gas plumes. During SAV events, ash clouds frequently
reached more than 100 km from Sangay (Moran-Zuloaga
et al. 2023). VS in the past 20 years only occurred between
September 2020 and May 2021 and are easily spotted on
both local and regional seismic records (Bernard et al.
2022; Moran-Zuloaga et al. 2023; Bernard et al. 2024).
They have been associated with large SO, emissions (up
to > 45,000 t/day), high lava emission rate (>20 m3/s),
and PDCs formation. According to the monitoring data,
VS events lasted between 2 and 6 h with eruptive plumes
that generated column height of 5-10 km above the crater
which created wide umbrella-shaped ash clouds. One SPL
has occurred during the past 400 years (in 1628 CE) and
one Holocene PL pulse has been recognized based on a
2-20-cm-thick dacitic tephra fallout deposit, 1 m beneath
the current soil, found up to ~20 km from the volcano (see
Bernard et al. 2024).

Given the few constraints on the occurrence of PL erup-
tions at Sangay, in the following sections, we first present the
maps and the analyses for the SAV, VS, and SPL scenarios
only, which are the eruption scenarios historically observed
over the past ~20 (SAV and VS) and ~400 (SPL) years. In
the discussion, we also present the results when considering
the PL scenario.

Expert elicitation for eruptive scenarios at Sangay
volcano

To quantify the uncertainty associated with the eruptive
scenarios of Sangay volcano (described in the previous sec-
tion), a performance-based expert elicitation session was
conducted in 2021 (see Aspinall 2006; Aspinall and Cooke
2013 for generalities on expert elicitation and Bernard et al.
2024 for more details on the Sangay elicitation). Eighteen
experts took part in this exercise and were asked to give their
judgments on:
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e the probability, for each scenario, of Sangay experiencing
at least one eruption in two different timeframes, namely
10 years and 100 years in the future;

e the probability distribution, for each scenario, of three
eruptive source parameters, namely, the average height
of the column during the pulse (in km above the crater),
the total volume of the fallout deposit emitted during the
pulse (in 10° m*) considering an equivalent deposit den-
sity of 1000 kg/m?, and the average duration of the erup-
tion as detected by geophysical monitoring (in hours).

For all these questions and after carefully considering all
the evidence and data presented during the meeting, experts
provided their judgments as the 5"/Median/95™ percentile
values of a probability distribution. Individual experts’
answers for target questions were then pooled together by
using an equal weights rule and two independent perfor-
mance-based models (Classical Model, Cooke 1991; ERF,
Flandoli et al. 2011). In the following, we adopt the results
based on the Classical Model; for more information on
the other approaches, see Bernard et al. (2024). To derive
the pooled probability density functions for each question

SAV - Probability in the next 100 years

(representing the view of the group in the form of a new
virtual expert, called “Decision Maker”), individual experts’
answers were sampled 10,000 times (de’ Michieli Vitturi
et al. 2024).

Results of the probability for the four scenarios for the
next 100 years (utilized for map combination, see the “Type
of outputs” section) are displayed in Fig. 2. Note that we
plot probability density functions of occurrence probabili-
ties, i.e., uncertainty distributions of probability estimates,
according to a doubly stochastic approach (Tadini et al.
2017a; Bevilacqua et al. 2018; 2021). Results of the three
eruptive source parameters for the four scenarios (utilized
in the “Simulation setting” section) are instead displayed

in Fig. 3.

Methods

Numerical models and workflow for map production

The HYSPLIT (Hybrid Single-Particle Lagrangian
Integrated Trajectory) model was used to simulate the

VS - Probability in the next 100 years
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atmospheric dispersion of tephra particles and their deposi-
tion on the ground (Stein et al. 2015). HYSPLIT has been
extensively utilized for both research and operational pur-
poses, with some Volcanic Ash Advisory Centers relying on
it as a standard model (Mastin et al. 2017). In order to exe-
cute the numerical simulations, the model requires inputs on
meteorological conditions and on the tephra injection rates
in the atmosphere. Meteorological conditions are supplied
as a dataset where the parameters describing the evolution of
the atmospheric properties in space and time are listed on a
3D grid. Wind speed and direction are the main parameters
controlling the transport and deposition on the ground of
tephra particles. Tephra injection conditions, describing how
tephra particles are released into the atmosphere (including
factors such as amount, duration, and vertical distribution),
also need to be defined as inputs. To this aim, we coupled
HYSPLIT with the 1D steady-state eruption column model
PLUME-MoM-TSM (two-size moment - de’ Michieli Vitturi
and Pardini 2021). PLUME-MoM-TSM simulates the ascent
of an eruption mixture through the atmosphere from the vent
source until it reaches its maximum height, accounting for
wind effects and simulating the umbrella cloud spreading
at the neutral buoyancy height. Tephra particles lost from
the column below the neutral buoyancy height are injected
into the atmosphere from pointwise sources located on the
plume axis. Particles reaching the neutral buoyancy enter
the atmosphere through a circular area source which best
fits the position and upwind spreading of the umbrella cloud.
Once in the atmosphere, particle transport and deposition on
the ground is simulated by HYSPLIT based on the assumed
particle properties and the characteristics of the wind field.
The coupling between PLUME-MoM-TSM and HYSPLIT
is done through Python scripts that allow the results of
PLUME-MoM-TSM to be automatically used to generate
the input file for HYSPLIT. A detailed description of this
procedure, together with several applications, can be found
in Pardini et al. (2020) and Tadini et al. (2020). We note that
PLUME-MoM-TSM can be initialized with either mass flow
rate or the maximum column height, in both cases by taking
into account atmospheric conditions. In the latter case, an
inversion step is performed to retrieve the conditions at the
vent (initial velocity and plume radius) that correspond to
a mass flow rate capable of generating a column with the
desired height.

In this study, we applied the above-mentioned models to
produce probabilistic maps of tephra accumulation on the
ground for Sangay volcano. To achieve this, we developed
a numerical workflow that automatically runs an ensemble
of thousands of simulations, i.e., a Monte Carlo simulation,
where each ensemble member is initialized with a specific
set of ESPs and meteorological conditions. Eruption condi-
tions include mass eruption rate (or column height), eruption
duration, and physical properties of the tephra particles, such

@ Springer

as size, shape, and density. ESPs of each ensemble member
can be either fixed values common to all the members or
random values sampled from pre-defined probability density
functions. Indeed, some eruption parameters are more dif-
ficult to constrain than others and/or have a higher impact
on model results. These considerations guided the selec-
tion of the parameters that could be treated as fixed and
equal among all the ensemble members, as well as those best
defined by using probability density distributions to assign
different values to each ensemble member. Probability
density distributions were derived from a literature review
and/or from a Monte Carlo sampling of the results of the
expert elicitation described above. Finally, to account for the
uncertainty on meteorological conditions, the eruption onset
time of each ensemble member was randomly sampled in the
period 2012-2022, taking into account seasonal variability
by having the same number of samples within each month of
the considered period. The assumption behind this choice is
that the last decade of meteorological conditions is appropri-
ate to statistically capture the main features of atmospheric
circulation in the coming decades. In addition, our sampling
time window fully overlaps with those of recent similar stud-
ies, which consider time windows ranging from 6 to 29 years
(Bonasia et al. 2011, 2014, Titos et al. 2022).

Once the appropriate set of initial conditions are defined
for each ensemble member, the numerical simulations are
executed and processed to produce the outcomes of interest
which, in our case, are probabilistic hazard maps and curves
(see the “Type of outputs” section).

Simulation setting

The domain considered in the tephra hazard assessment
has a vertical extension of 50 km above ground and cov-
ers the entire Ecuador, spanning from 5.5°S to 1.5°N in
latitude and from 81.0°W to 75.0°W in longitude, as shown
in Fig. 1. The numerical simulations in HYSPLIT were
performed on a grid with horizontal resolution of 0.05°
(approximately 5 km). The adopted meteorological infor-
mation derives from the ERAS5 dataset (Hersbach et al.
2020) supplied by the European Centre for Medium-Range
Weather Forecasts (ECMWF). ERAS is a reanalysis dataset
for the global weather with data available from 1940. Data
is gridded hourly with a horizontal resolution of 0.25° X
0.25° (approximately 27-28 km in latitude and longitude
at the equator) and 37 vertical pressure levels (from 1000
to 1 hPa). A dataset covering 10 years from 2012 to 2022
was used to perform the numerical simulations, under the
assumption that such dataset is appropriate for evaluating
the hazard due to future eruptions at Sangay volcano. As a
preliminary analysis, wind rose diagrams (for ERAS data)
showing wind speed and direction at the Sangay volcano
location were constructed for different height intervals from
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Fig.4 Wind rose diagrams at the Sangay volcano location (2.00°S;
78.32°W), constructed from the ERAS reanalysis dataset covering the
years from 2012 to 2022. Wind speed and direction were evaluated
for different height intervals above the crater: surface-2 km, 2-5 km,
5-10 km, 1020 km, 20-35 km, and 35-50 km. Note that the dia-
grams show the direction toward which the wind blows

the topographic surface to 50 km (Fig. 4). It emerges that
the wind mainly blows toward the west for all the consid-
ered height intervals. The greatest spread in wind direction
is observed from 10 to 20 km, where wind appears to blow
in sectors NW-W and W-SW, with a lesser extent toward
the east. A strong dominance of the winds blowing toward
the west is clearly observed at the highest heights (20-35
km and 35-50 km), with a smaller extent observed in the
eastward direction. For these latter two heights, a seasonal
analysis for, respectively, dry season (Oct—May) and wet
season (Jun—Sep) does not evidence a preferential seasonal

dominance for the 20-35-km range, while for the 35-50-km
range, stronger winds tend to blow more frequently toward
W in the wet season, although in the dry season there is still
a prevalence of W-blowing winds (see Fig. 1S from Support-
ing Information 2). Since typical neutral buoyancy levels for
our four eruption types are located between 10 and 35-40
km (see e.g. Mastin et al. 2009), we provide wind pattern of
the 1200 simulations for the SAV and PL eruption types in
Figs. 2S-3S for the 10-20-, 20-35-, and 35-50-km ranges.
From the analysis of these diagrams (results are the same
also for the VS and SPL eruptions), we could conclude that
our samples fully capture the variability of the wind pattern
of the whole dataset.

The definition of the eruption conditions of the four inves-
tigated scenarios (SAV, VS, SPL, and PL) was based on
both literature review and expert elicitation. The parameters
defined through probability density distributions are as fol-
lows: eruption duration, total mass of the deposit, plume
height, and total grain size distribution (TGSD). The remain-
ing parameters were fixed for all the ensemble members, and
a complete list can be found in Supporting Information 1.
The uncertainty on the TGSD was based on literature review.
In particular, TGSD was assumed independent from eruption
size (given the few constraints available for TGSD at Sangay,
especially from proximal deposits—see Bernard et al. 2022)
and as a lognormal distribution defined by a mean value u
and a standard deviation ¢. Both u and ¢ were considered
uncertain and defined as uniform distributions in the ranges
[—1; 3] @ for u and [2; 3] ¢ for o. Eruption duration, total
mass of the deposit, and plume height were supplied by the
elicited distributions in Bernard et al. (2024).

An initial set of 10000 samples for each eruption scenario
was produced by independently sampling the distributions
of eruption duration, total volume of the deposit (converted
into mass considering 1000 kg/m? as deposit density), plume
height, u, and ¢. Since mass flow rate was not directly sup-
plied by the elicitation, for each of the 10,000 samples, we
computed the corresponding average mass flow rate by con-
verting the total deposit volume into total mass (with an
additional 5% mass to account for magma water content) and
dividing this latter by the duration of the eruption.

As stated above, the eruption column model can be
initialized with either total volume or column height.
Therefore, for each scenario, we performed two sets of
numerical simulations using either one of the initiali-
zation schemes. In order to have a good compromise
between statistically meaningful outputs and acceptable
computational times, for each eruption scenario and ini-
tialization scheme, we performed 1200 simulations by
running PLUME-MoM-TSM and HYSPLIT. The erup-
tion parameters used to initialize the 1200 simulations
are a subset of the original 10,000 samples, and a prelimi-
nary analysis was done to ensure consistency between the
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«Fig.5 Sangay tephra fallout hazard maps for SAV, VS, and SPL sce-
narios for 1 kg/m? threshold. Maps in the left column are produced
initializing PLUME-MoM-TSM with total volume (tv), whereas those
in the right column by using plume height (ph). Contour lines, where
not indicated, follow the progression 1%, 5%, 10%, 50%, and 80%

parameters values used to initialize the models and the
results of the elicitation. This analysis consisted in run-
ning PLUME-MoM-TSM only (without HYSPLIT) over
the entire set of 10000 samples and rejecting the samples
whose numerical results were inconsistent with the results
of the elicitation.

In particular, for the simulations initialized with the
total volume (tv), we rejected the simulations giving as
output a value of plume height outside the range of val-
ues of the corresponding elicited distribution. Similarly,
for the simulations initialized with plume height (ph), we
rejected those producing a total volume erupted outside
the range of the elicited distribution. We remark that we
did this analysis for each eruption scenario and initializa-
tion scheme.

Figure 3 illustrates the comparison between the original
distributions formed by the 10,000 samples (red dashed
lines) and the filtered distributions of the “accepted”
samples (blue dashed lines). The 1200 simulations are
randomly sampled from these latter distributions. For
the simulations initialized with tv (left panels in Fig. 3),
2912 and 5058 samples passed the check, respectively,
in the SAV and VS scenarios. In particular, in the SAV
scenario, the majority of samples has a mass flow rate
(and a total deposit volume) lower than those consistent
with the elicited plume height. In the SPL and PL sce-
narios, a higher proportion of samples passed the check,
with 8167 samples in the SPL scenario and 9129 in the PL
scenario (for PL, see Fig. 19S from Supporting Informa-
tion 2). These results indicate a good agreement between
the elicited deposit volumes and plume heights in these
scenarios. Regarding the simulations initialized with ph
(right panels in Fig. 3), it emerged that ca. 80-90% of sam-
ples passed the check for the SAV (8964) and VS (8385)
scenarios, while 5331 samples were accepted in the SPL
scenario. In the PL scenario (see Fig. 19S from Support-
ing Information 2), 8686 samples passed the filtering step.
This filtering approach mitigated the independence of the
10,000 samples of eruptive source parameters, especially
between mass flow rate (derived from total volume) and
column height and, at a lower degree, with respect to the
previous two parameters and eruption duration. The only
purely independent parameter is TGSD, whose effect in
the final results has been assumed secondary with respect
to the other inputs. Future studies with more quantitative
data on TGSD for Sangay volcano could help in updating
our results.

To associate meteorological conditions with each ensem-
ble member, the start date and time of the eruptions were
randomly sampled from 2012 to 2022 (the start and end
years of the ERAS dataset). The end dates of the eruptions
were derived from their durations, and the numerical runs
continued for additional 24 h after the end of each eruption
to achieve complete tephra deposition on the ground. To
guarantee a uniform representation across all months, the
meteorological dataset was sampled to initialize 100 simula-
tions each month, totaling 1200 simulations.

Type of outputs

The outcomes that we produced by running a Monte Carlo
simulation consisting of an ensemble of 1200 members are
probabilistic hazard maps and curves for tephra accumula-
tion on the ground.

Hazard maps cover the entire domain considered in the
simulations and show the probability of exceeding specific
thresholds of ground load. They are obtained by calculating
the probability Pt that the ground load at each pixel N , of
the computational grid exceeds a certain ground load thresh-
old (7). Pt is determined by counting the number of times
(n;) T is exceeded by the ground load resulting from each
simulation of the ensemble (GL,), and then dividing by the
total number m of simulations:

Zf’i n;
P.(N,,) = 71 )]
where
_ f L if[GLi (V) > 7]
= { 0, otherwise @

In this study, in order to obtain a set of results able to pro-
vide useful information about the potential impacts (Jenkins
et al. 2015), we adopted four threshold values: 0.1, 1, 10,
and 100 kg/m?. These thresholds were chosen as they can
be associated to various degrees of damage and disruption
to communities and particularly:

e 0.1 kg/m? is sufficient enough to be detectable by resi-
dents and might cause minor vegetation damage and the
covering of road markings (Magill et al. 2013).

e 1 kg/m? may lead to airport closure, contamination of
water supplies, damage of electrical appliances, disrup-
tion of road, rail, and air transport, and respiratory prob-
lems (Jenkins et al. 2012).

e 10 kg/m? cause minor structural damage for weaker
building and major damage on crop and vegetation (Jen-
kins et al. 2012).

e 100 kg/m? may cause partial or total collapse of several
buildings (Jenkins et al. 2012).
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Hazard curves, instead, are local results computed at spe-
cific locations of interest. For each investigated location, the
corresponding hazard curve indicates the exceedance probabil-
ity EP = Pr(GL > X), where GL is the ground load computed
from the simulations and X is a specific value within a certain
interval. To derive such curves, outputs of ground load GLi
resulting from the m simulations are sorted in ascending order
(GL, GL,, GL,,...GL,,_,), while the exceedance probability
EPi is computed as follows (following Bonadonna 2006):

EP.=1-L for0<i<m 3)
m

The locations chosen to compute the hazard curves are
those reported in Fig. 1 and include the capital city of
Ecuador, Quito, as well as some main cities/towns located
within 200 km from Sangay volcano.

All maps and curves are produced for either single scenar-
i0os and combined scenarios. In this latter case, we consider
the uncertainty distribution of the probability of having at
least one eruption among each scenario in the next 100 years
(Fig. 2); the resulting maps/curves are related to the occur-
rence, for each scenario, of the largest event within the next
100 years, excluding replication of the same event and cumu-
lative tephra load by multiple events. The combination of
maps and curves was done, respectively, for the SAV and VS,
for the SAYV, VS, and SPL, and for the SAV, VS, SPL, and PL
joint scenarios. For example, to obtain the hazard maps of the
SAV-VS-SPL-PL (the others are similar in the approach), we
start from the probabilistic maps (H) of the four scenarios and
the 10,000 samples defining the distributions of probabilities
(P) of SAV, VS, SPL, and PL for the next 100 years (Fig. 2).
For each sample, we combine the four scenarios as follows:

Heomb = Psav # (1 = Pyg) # (1 = Pgpp) * (1 — Ppp) * Hgay
+ Pyg % (1 = Pgpp) * (1 = Ppp) * Hyg (4)

+ Pgpp, * (1 — Ppp) = Hgpy, + Ppy, * Hpy,

By applying Eq. (4) for each of the 10,000 samples defin-
ing the distributions of probabilities, we obtain 10,000 maps/
curves and from these latter, we show those representing
the mean value and the 5"/95" percentiles to illustrate the
uncertainty associated with the map combination. We then
applied the same approach to derive the combined hazard
curves (representing the mean value and the 5%/95™ percen-
tiles) for each location.

Results
In this section, we present, in the single eruptive scenarios,

the hazard maps for the 1 kg/m? threshold and the haz-
ard curves for all sites. Then, we present, in the combined

@ Springer

SAV-VS-SPL and SAV-VS-SPL-PL scenarios, hazard maps
for the 1 kg/m? threshold and hazard curves for Guamote,
Guayaquil, and Macas. The remaining maps (0.1, 10, and
100 kg/m2) and curves (combined scenarios for the remain-
ing six sites) are available in Supporting Information 2.
Moreover, interpolated values at 0.1, 1, 10, and 100 kg/
m? for all the hazard curves are available in Supporting
Information 3. We also provide ASCII Arc/Info files for all
maps in Supporting Information 4.

Hazard maps/curves in the single scenarios (SAV, VS,
and SPL)

By looking at the maps (Fig. 5), the curves (Fig. 6), and
the interpolated values of the hazard curves (Support-
ing Information 3) for single scenarios, we note that,
between the two initialization setups, differences tend to
be higher with increasing the size of the eruption (i.e.,
larger in the SPL than in the SAV/VS). For example,
considering the 1 kg/m? and the interpolated probabilities
of hazard curves, we observe that differences between
initialization setups at all sites are of maximum ~12% in
the SAV/VS, while they could reach up to ~40% for the
SPL. Regarding the sites for which we produced hazard
curves (Fig. 6), Guamote (located ~43 km W of Sangay)
is the town that, on average, would suffer more tephra
accumulation (probability of tephra accumulation of 1
kg/m2 between 4.6 and 78% in the three scenarios, see
Supporting Information 3). We stress that at Guamote,
even in case of a moderate-size eruption such as a VS,
the probability of having a ground load of 1 kg/m? is rela-
tively high (i.e., 21-24%). For the same eruption type,
the town of Alausi (~60 km SW of Sangay) would also
be affected with similar probabilities (16—18%), while
the two largest cities in Ecuador (Quito and Guayaquil)
would suffer a potential tephra accumulation of 1 kg/m?
mostly for a SPL eruption type with, respectively, 0.7-6%
and 3-22% probability.

Hazard maps/curves for combined scenarios (SAV,
VS, and SPL)

Figures 7 and 8 show, respectively, the hazard maps of
the 1 kg/m? threshold and the hazard curves (for Gua-
mote, Guayaquil and Macas towns) related to the com-
bined SAV, VS, and SPL, which are the eruptive styles
actually observed over the last 20 years (SAV and VS) and
400 years (SPL), respectively (for the 0.1, 10, and 100 kg/
m? thresholds, please refer to Figs. 7S-9S from Support-
ing Information 2; hazard curves for the remaining 6 sites
are reported in Figs. 10S-11S from Supporting Informa-
tion 2). For completeness, we also report in Supporting
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Information 2 (Figs. 125-18S) hazard maps and curves  that differences between the different adopted initializa-
of combined smallest-scale styles (SAV and VS). Even  tion setups could be relevant (reaching up to 40% from the
in this case (similarly to the “Hazard maps/curves in the  sites where hazard curves were produced, see Supporting
single scenarios (SAV, VS, and SPL)” section), we note Information 3).
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«Fig. 7 Sangay tephra fallout hazard maps for the combined SAV, VS,
and SPL scenarios for 1 kg/m? threshold corresponding to the 5™ per-
centile, the mean, and the 95 percentile. Maps in the left column
are produced initializing PLUME-MoM-TSM with total volume (tv),
whereas those in the right column using plume height (ph). Contour
lines, where not indicated, follow the progression 1%, 5%, 10%, 50%,
and 80%

Combined maps when considering the Plinian (PL)
event

In the previous section, we have presented maps of the com-
bined SAV, VS, and SPL scenarios, as they represent erup-
tions that occurred at historical and recent times. However,
the PL scenario has also been considered by Bernard et al.
(2024) due to the presence of a tephra deposit associated
with the Holocene eruptive history of Sangay that is con-
sistent with a Plinian event. The expert elicitation outcome
assigned to this scenario a median probability of occur-
rence within the next 100 years of ~1%, but with an upper
uncertainty bound (95™ percentile) of ~20%. In Fig. 9, we
report both the hazard maps (1 kg/m? threshold, for the other
thresholds see Fig. 18S from Supporting Information 2) and
the hazard curves of this scenario for the two initialization
setups, where we can easily observe that differences between
the two setups are sometimes high (i.e., up to ~40% when
comparing interpolated probabilities from hazard curves, see
Supporting Information 3).

Figures 10 and 11 display the maps (1 kg/m?) and curves
(Guamote Guayaquil, Macas) of the four combined scenarios
(for other thresholds and sites, please refer to Figs. 21S-25S
from Supporting Information 2). The maps/curves with
only three scenarios (Figs. 7 and 8) exhibit larger differ-
ences for more distal location with respect to vent area and
proximal locations (see for instance the hazard curve for the
town of Guamote). Differences are also more pronounced
between the maps/curves with the initialization tv (when
compared with those produced with an initialization based
on ph) and between maps/curves referred to the 95" percen-
tile (as compared to the mean and the 5 percentile). For
example, for the town of Guamote and the 1 kg/m? threshold
(see Supporting Information 3), the difference between the
95" percentile probabilities of the tv curves is ~18%, while
differences between the means and the 57 percentiles are,
respectively, ~8% and ~3%. Conversely, for the ph curves,
differences for the 5™ percentiles, means, and 95th percen-
tiles are, respectively, ~3%, ~4%, and ~6%. Such differences
are proportionally similar for the other sites.

Average differences are around ~6% for all sites, thresh-
olds, percentiles, and initialization setups, while a maxi-
mum difference of ~28% is computed for the Ambato site,
tv initialization, threshold 0.1 kg/m? and 95™ percentile. For
comparison, average differences between the SAV-VS-SPL
and the SAV-VS interpolated values is ~9% for all sites,

thresholds, percentiles, and initialization setups, while the
maximum difference is ~40% for Macas site, ph initializa-
tion, threshold 0.1 kg/m?, and 95" percentile.

Discussion

Comparison of hazard maps with historical
observations and existing hazard maps

The results presented in the previous sections can be com-
pared both to observed mass loadings at key locations during
recent eruptions and to existing hazard maps. With respect
to the former, Bernard et al. (2022) provided a detailed
description of the VS eruptive event of September 20, 2022.
During this pulse, ground load was measured in some sites
for which we have produced hazard maps, e.g., Guamote,
Alausi, and Guayaquil. Values for these three locations are,
respectively, 0.19, 0.175, and 0.02 kg/mzz in the same loca-
tions, hazard curves of the VS eruptive pulse (Fig. 7) showed
probability of exceeding the same values of ~50%, ~45%,
and ~20%. Our results are therefore in accordance with these
observations.

To further compare our results with actual observations,
we provide some new data about ground load measured at
5 towns (Alausi, Guamote, Guaranda, Guayaquil, and Rio-
bamba, see Fig. 1) during 12 eruptive pulses (8 SAV and 4
VS) occurred between June 2020 and June 2024 (Table 1).
These data, although based on a relatively small number
of events, allow to count the number of eruptions which
caused, in each location, a ground load larger than 0.1 and
1 kg/m?, and to compare them with a binomial model using
the probability of exceeding the same thresholds conditioned
on the occurrence of either SAV or VS eruptions for the two
initializations (mfr and ph) as interpolated from the hazard
curves (see Supporting Information 3). This comparison is
presented in Table 2, and the binomial likelihoods of the
best performing initializations in each location are all above
25%, with peaks above 95% in several cases. These statistics
are not enough for validating our approach, but we could
appreciate that our modeling results associate significant
likelihood to the real observations.

We remind, however, that for the smallest tephra accumu-
lation values (0.1 and 1 kg/m?), corresponding to about 0.1,
1 mm of deposit, the ash is very easily remobilized by the
local winds, producing large spatial variations. In this con-
text, these tephra loading can be considered only as average
values valid on a relatively large area, with local variations
that may reach one or more orders of magnitude.

The current official IG-EPN hazard maps for Sangay
volcano has been developed by Ordofiez et al. (2011). In
this map, two areas potentially affected by tephra fallout
were identified with respect to two scenarios (“small” and
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Fig.8 Hazard curves for three sites (Guamote, Guayaquil, and
Macas, see Fig. 1) for the combined SAV, VS, and SPL scenarios
corresponding to the 5 percentile, the mean, and the 95" percentile.
Curves in the left column are produced by initializing PLUME-MoM-

“moderate,” roughly corresponding to SAV and VS, respec-

tively) and modeled with fixed ESPSs and random wind
directions/velocities. Although a detailed comparison with
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Ground Load (kg/m?)

TSM with total volume (tv), whereas those in the right column by
using plume height (ph). Interpolated values at 0.1, 1, 10, and 100 kg/

m? are reported in Supporting Information 3

respect to our fully probabilistic results is not straightfor-
ward, we note that in the official IG-EPN map, the area
potentially affected by tephra fallout for moderate eruption
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Fig.9 Upper panels: Sangay tephra fallout hazard maps for the PL
scenario for 1 kg/m? threshold. Map in the left column is produced
by initializing PLUME-MoM with total volume (tv), whereas that
in the right column using plume height (ph). Contour lines, where
not indicated, follow the progression 1%, 5%, 10%, 50%, and 80%.

at Sangay encloses the town of Guamote, which is the one
which would suffer most of tephra accumulation accord-
ing to our maps/curves. The area impacted by tephra fall-
out for small eruptions (SAV) is instead more restricted in
areas proximal to the volcano excluding Guamote, while our
maps/curves indicate a probability of exceeding 1 kg/m? of
9-13% even in case of SAV eruptions. In addition, we also
note that, in Ordofiez et al. (2011), the towns of Alausi and
Riobamba are not enclosed neither within the “moderate”
eruption scenario (VS) impact area, while indeed they has
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Lower panels: hazard curves for 9 sites (see Fig. 1) for the PL sce-
nario. Curves in the left column are produced by initializing PLUME-
MoM-TSM with total volume (tv), whereas those in the right column
by using plume height (ph). Interpolated values at 0.1, 1, 10, and 100
kg/m? are reported in Supporting Information 3

been affected, respectively, three times and one time since
2020 by tephra accumulation > 0.1 kg/m? (see Table 1).

Differences between the two initialization setups

The differences between the two initialization setups ph and
tv are already anticipated from the input parameter distribu-
tions (see the “Simulation setting” section) and are more
evident for larger magnitude scenarios (i.e., SPL and PL). In
the SPL/PL scenarios, and especially in the PL scenario, the

@ Springer
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Fig. 10 Sangay tephra fallout
hazard maps for the com-
bined SAV, VS, SPL, and PL
scenarios for 1 kg/m? thresh-
old corresponding to the 5
percentile, the mean, and the
95 percentile. Maps in the left
column are produced initializing
PLUME-MoM-TSM with total
volume (tv), whereas those in
the right column using plume
height (ph). Contour lines,
where not indicated, follow the
progression 1%, 5%, 10%, 50%,
and 80%

elicited distribution of average plume height is not always
consistent to the elicited fallout total volume distribution,
and in these scenarios, the ph setup produces a significantly
greater fallout hazard than the tv setup (see Fig. 19S from

Supporting Information 2).
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We remind that when we had to calculate the mass flow
rate, we obtained it from the elicited total volume (converted
into mass considering an equivalent density of 1000 kg/m?)
and duration and averaged it over the course of the simulated

eruption. The high uncertainty in estimating tephra fallout
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Fig. 11 Hazard curves for 3 sites (Guamote, Guayaquil, and Macas,

see Fig. 1) for the combined SAV, VS

using plume height (ph). Interpolated values at 0.1, 1, 10, and 100 kg/

m? are reported in Supporting Information 3

, SPL, and PL scenarios cor-

responding to the 5™ percentile, the mean, and the 95" percentile.
Curves in the left column are produced by initializing PLUME-MoM-

we note that

)

independently in our simulations. Nevertheless
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volume/mass, as well as in eruption duration

an average plume height that reaches high elevation, not only

to the large uncertainty on the mass flow rate, also consid-

implies a greater total volume than a lower plume with the

ering that total volume and duration have been sampled
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Table 1 Measured ground

L . Measured ground load (kg/m?)  Town
loadsAat selected locations from for different eruption type (date) . .
eruptions at Sangay volcano Alausit Guamote  Guaranda Guayaquil Riobamba
(period June 2020-June 2024)
SAV (8-11/6/20) 0.11 - - 0.007 -
VS (20/9/20) 0.176-0.187 0.19 - 0.015-0.036 -
VS (5-6/3/21) 2.457 0.041 - - -
VS (11/3/21) - - - - 0.105-0.710
VS (12/4/21) - - 0.024-0.046  0.008 -
SAV (12-13/8/22) 0.051 0.026 - - -
SAV (4-5/11/22) 0.021 0.128 - - -
SAV (18-21/4/23) 0.002 0.207 - - -
SAV (21/5/23) 0.02 - - - -
SAV (7/1/24) - 0.176 - - -
SAV (27/1/24) 0.029 0.036 - - -
SAV (12/6/24) - - - 0.003 -

same duration, but also allows ash to be transported far from
the vent area by the strongest directional winds (see also
Fig. 4). This may have enhanced the effect of the uncertainty
affecting the plume height on the fallout hazard assessments,
if compared to the total volume or the eruption duration.
In particular, we note that the elicitation in Bernard
et al. (2024) estimated the total deposit volume, which may

Table2 Comparison between probability of exceeding different
ground load (GL) thresholds (0.1 and 1 kg/m?) and the percentage
of eruptive pulses which have produced ground loads larger than the
same thresholds at five sites. The range of some exceeding probabili-

underestimate the total erupted volume significantly because
of the very fine ash fraction, which does not settle for long
periods and can range from a negligible amount to more
than 30% of the erupted mass (Rose and Durant 2009). Con-
versely, the plume height elicitation was considering vari-
able wind conditions, but the wind field in the simulation
was sampled independently from the plume height value.

ties takes into account the differences between the two initialization
setups (tv and ph) for the single scenarios (SAV and VS, see Support-
ing Information 3). Cells with “-” indicate that for this site/eruption
type, no eruption had a GL > the considered threshold

Town Eruption type Initialization Modeled probability =~ Binomial probability of =~ Modeled probability Binomial probability of the
of exceeding 0.1 kg/  the observed eruptions of exceeding 1 kg/m> observed eruptions with
m? with GL > 0.1 kg/m? GL > 1 kg/m?
Alausi SAV tv 20% 34% 3% 79%
ph 32% 17% 9% 47%
VS tv 44% 37% 16% 38%
ph 46% 37% 18% 40%
Guamote SAV tv 25% 20% 5% 69%
ph 38% 28% 13% 34%
VS tv 51% 24% 24% 33%
ph 48% 27% 21% 39%
Guaranda SAV tv 4% 74% 0% 98%
ph 7% 56% 0% 98%
VS tv 14% 54% 2% 92%
ph 14% 55% 3% 88%
Guayaquil SAV tv 0% 97% 0% 99%
ph 3% 81% 0% 99%
VS tv 6% 77% 1% 98%
ph 6% 78% 0% 99%
Riobamba SAV tv 7% 58% 1% 94%
ph 11% 41% 2% 88%
VS tv 21% 41% 7% 74%
ph 21% 41% 8% 71%
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Fig. 12 Difference maps obtained as a difference between the mean maps
of the two initialization approaches (tv and ph) for, respectively, SAV-VS,
SAV-VS-SPL, and SAV-VS-SPL-PL maps (see titles)

Consequently, the association of high plumes and strong
winds may have produced an over-estimation of the erupted
volume in the second approach.

To quantify these differences, we have produced (Fig. 12)
difference maps between the combined mean maps of the
two initialization setups (SAV-VS, SAV-VS-SPL, and SAV-
VS-SPL-PL). In Fig. 12, maps initialized with ph are sub-
tracted from the maps initialized with tv: this implies that
negative values are those where ph maps have higher mean
probability and vice versa. In Fig. 12, we observe that tv
maps are characterized by higher hazard values in areas
proximal (< 25 km to the W) with respect to Sangay loca-
tion (with values never exceeding +5% in Fig. 12), while
ph maps imply higher probabilities on medial-distal areas
(values up to 16% more than mfr maps in Fig. 12).

Despite these differences, there is not a strong physical
evidence for preferring one type of initialization over the
other, because all the ESPs are significantly uncertain. How-
ever, we note that during the elicitation, the experts provided
a numerical value (in a scale from 1 to 10) expressing their
own confidence in estimating the considered ESPs, and in
this regard, average plume height attained a slightly higher
confidence with respect to total volume and duration (Ber-
nard et al. 2024).

While we are not suggesting a preference for an ini-
tialization over the other, we stress that the choice made
might have implications for vulnerability/risk assessment
studies. For example, considering the SAV-VS-SPL maps,
the probability (% - [5"-Mean—95"]) of having > 1 kg/m?
threshold (roughly corresponding to 1 mm of ash accumula-
tion, sufficient for airport closure) for the site of Guayaquil
is, respectively, [0.6-1.3—2.3] for the tv initialization and
[1.8-7.4—15.0] for the ph initialization (see Fig. 8 and
Supporting Information 3). Similarly, the probability (% -
[5"-Mean—95"]) of having > 10 kg/m? threshold (roughly
corresponding to 10 mm of ash accumulation, sufficient for
minor structural damages to edifices) for the site of Gua-
mote is, respectively, [1.4-3.8—7.0] for the tv initialization
and [4.1-13.3-25.4] for the ph initialization (see Fig. 8 and
Supporting Information 3). In both examples, the differences
between the two model initializations is 3-5 times higher
for the ph.

By looking at Figs. 5 and 6 (and Fig. 19S from Support-
ing Information 2), we finally observe that, for SAV/VS ini-
tialized with tv and SPL/PL initialized with ph, our filtering
approach rejected a larger number of ESPs. We have there-
fore produced a “mixed” set of maps, in which we applied
the same procedure of the “Type of outputs” section (Eq.
(4)), but combining only the maps with the ph initialization
for SAV and VS, and the maps with the tv initialization for
SPL/PL. Results (maps and hazard curves) are displayed in
Figures 26S-31S from Supporting Information 2.
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Concluding remarks

This study provides a new tephra fallout hazard assessment
for Sangay volcano through the production of probabil-
istic hazard maps and curves. These products have been
developed using the coupled PLUME-MoM/HYSPLIT
models with inputs from a stochastic sampling of atmos-
pheric conditions and eruptive source parameters. The
model itself has been initialized with either total volume
and average plume height, producing two different types
of maps. Four different scenarios (corresponding to erup-
tive pulses, Bernard et al. 2024) have been considered,
and maps for each scenario have been produced for four
different ground load thresholds (0.1, 1, 10, and 100 kg/
m?). Hazard curves (representing exceedance probabili-
ties) have also been produced in nine sites located both in
the surroundings and at more distal locations from San-
gay volcano. Maps for single eruptive scenarios have been
combined according to the probability of having at least
one such scenario over the next 100 years. Such prob-
abilities (along with the eruptive source parameters for
each scenario) and their uncertainties have been quantified
through an expert elicitation session described in the com-
panion paper by Bernard et al. (2024). Combined maps
and curves take into account the uncertainty in probability
of occurrences of different eruptive pulses in the next 100
years and are therefore presented, for each combination
setup, as mean maps and 5%/95™ percentile maps, the latter
two representing the uncertainty bounds.
Main results include:

Maps and curves for both single and combined sce-
narios indicate that the highest tephra fallout hazard
is toward the W of Sangay volcano, consistently with
observed volcanic activity and dominant wind direc-
tions. The town of Guamote (43 km W of Sangay) is
the site, among the investigated ones, with the highest
hazard, as it could be potentially affected by significant
tephra accumulation (1 kg/m?) with probabilities up to
21-24% even for a moderate-scale eruption (Violent
Strombolian).

For combined scenarios, maps and curves were pro-
duced by integrating, respectively, (i) the three histori-
cally observed eruptive pulses (Strong Ash Venting,
Violent Strombolian, and sub-Plinian), (ii) the previ-
ous three and a larger Plinian event, and (iii) the two
smallest observed pulses (Strong Ash Venting and
Violent Strombolian. Average differences between
combinations (i) and (ii) at the nine locations with
hazard curves are between ~6 and ~9% for all the
considered ground load thresholds and the two ini-

@ Springer

tialization setups. However, average differences up to
28-40% could be observed for few sites and ground
loads.

Differences between initialization setups have been
quantified for the mean maps and indicate that maps
with total volume initialization produce higher hazards
(+5% maximum) for locations proximal to vent area
(i.e., < 25 km to the W of Sangay) but lower hazards
(—=15% maximum) for medial-distal locations; possible
reasons for this effect are the assumption of an erupted
volume equal to the deposited volume and the assumed
independency of plume height and wind conditions.

All the outcomes summarized above clearly demon-
strate the numerous sources of uncertainty that affect
hazard maps and curves, related to the eruptive source
parameters and atmospheric conditions (when producing
maps for single scenarios), the type of model initializa-
tion (when adopting different source parameters), and the
probability of occurrence of different scenarios (when
combining maps from multiple scenarios). Nevertheless,
a first comparison of the recent activity of Sangay is con-
sistent with our hazard product. We believe that the set
of maps and curves produced, obtained under different
assumptions and with the associated uncertainty, can rep-
resent a valuable information for authorities and decision-
makers aimed at mitigating the tephra fallout hazard at
Sangay volcano.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-025-01794-4.
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