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Abstract
Tephra fallout hazard assessment is commonly undertaken with the development of probabilistic maps that rely on numerical models. Among the steps for map production, the definition of input parameters of the model (including atmospheric conditions), the physical approximations of the numerical simulations, and the probabilities of occurrence of different eruption types in specific time frames are among the most critical sources of uncertainty. In this paper, we present a tephra fallout hazard assessment study for two volcanoes (Cotopaxi and Guagua Pichincha) in Ecuador. We utilize the coupled PLUME-MoM/HYSPLIT models, and we develop a procedure for uncertainty quantification where: i) we quantify the uncertainty on eruptive source parameters and eruption type occurrence through expert elicitation; ii) we implement a new procedure for correlations between the different parameters, and iii) we quantify the uncertainty of the numerical model by testing it with past eruptions and by deriving coefficients of mean model overestimation/underestimation. Probability maps of exceedance, given a deposit thickness threshold, and thickness maps, given a probability of exceedence, are produced for eruption of sub-Plinian and Plinian types, which are then merged into single maps concerning the next eruption. These are described according to the uncertainty distribution of eruption type occurrence probabilities, in terms of their 5th percentile, mean and 95th percentile values. We finally present hazard curves describing exceeding probabilities in 10 sensitive sites within the city of Quito. Additional information includes the areal extent and the people potentially affected by different isolines of tephra accumulation.
Plain language summary
We present a tephra fallout (i.e. volcanic ash accumulation on the ground due to sedimentation from volcanic clouds) hazard assessment for two ecuadorian volcanoes, Cotopaxi and Guagua Pichincha. The novelties of this study are that i) we use the coupled PLUME-MoM/HYSPLIT models (never used in similar studies with uncertainty quantification) and ii) we quantify the main sources of uncertainties that normally affect probabilistic hazard maps produced using numerical models. In particular, resulting maps are presented as probability maps of exceedance, given a deposit thickness threshold, and thickness maps, given a probability of exceedence. For the two volcanoes, maps are related to the case that next eruption will be sub-Plinian or Plinian: to obtain this, we merged the maps for these two eruption types into a single map according to the different probability of occurrence of such eruption types (along with their uncertainties). Moreover, we also present hazard curves describing exceeding probabilities of tephra accumulation in 10 sensitive sites within the city of Quito, and the areal extent and the people potentially affected by different isolines of tephra accumulation.
1 Introduction
Among the numerous hazards related to volcanic eruptions, tephra fallout is certainly one of the most severe because it may affect large areas (> 100 km2; Blong, 1996) and has a dramatic impact on both human settlements and activities (Brown et al., 2017). While tephra residence in the atmosphere can lead to near-total disruption of air traffic over a vast region (e.g., Eyjafjallajokull 2010 eruption; Budd et al., 2011; Bursik et al., 2009; Folch et al., 2012; Folch and Sulpizio, 2010), tephra accumulation on the ground affects human health (Baxter, 1990; Baxter and Horwell, 2015), buildings stability (Macedonio and Costa, 2012; Spence et al., 2005), roads/transportation systems (Blake et al., 2017; Guffanti et al., 2009), electrical infrastructure (Bebbington et al., 2008; Wilson et al., 2014), farmland/livestock (Annen and Wagner, 2003) or water reservoirs and vegetation (Wilson et al., 2012). In response to this threat, many researches have been conducted with the aim of providing authorities, stakeholders and population with tools either for both real-time volcanic crises management or long-term planning. Particularly, in this latter case, tephra fallout hazard maps have been produced using different strategies that rely on field data of past eruptions (e.g., Orsi et al., 2004) or which combine field data and numerical modelling (Barberi et al., 1990; Bursik, 2001; Cioni et al., 2003; Macedonio et al., 1988).This latter approach is normally coupled with semi-probabilistic to fully probabilistic Monte Carlo techniques (Hurst and Smith, 2004) to sample model input parameters, and takes advantage of the great availability of tephra transport and deposition numerical models. As examples, tephra fallout hazard maps have been produced using HAZMAP (Bonasia et al., 2011; Capra et al., 2008; Costa et al., 2009; Macedonio et al., 2005), TEPHRA2 (Biass and Bonadonna, 2013; Biass et al., 2014; Bonadonna et al., 2005; Tsuji et al., 2017; Yang et al., 2021), FALL3D (Costa et al., 2006; Folch et al., 2009; Folch et al., 2020; Prata et al., 2021; Scaini et al., 2012; Vázquez et al., 2019), VOL-CALPUFF (Barsotti et al., 2018; Barsotti and Neri, 2008; Barsotti et al., 2008) and ASH3D (Alpízar Segura et al., 2019; IG-EPN et al., 2019; Schwaiger et al., 2012; Yang et al., 2020) models. The key elements for the modelling of tephra dispersal and for the development of probabilistic maps are: i) the identification of the eruptive scenarios that describe the eruptive history of the volcano; ii) the quantification of the uncertainty range of the eruptive source parameters (ESPs) related to each scenario; and iii) the estimation of the temporal recurrence rate and/or the probability of occurrence of the identified scenarios within defined temporal frames (Sandri et al., 2016). Especially for the second two elements, uncertainty was quantified in recent hazard-related studies mostly through comparison between available field data and existing global databases (see for example Biass and Bonadonna, 2013). How the input uncertainty propagates through the model, and interacts with wind field variability has been  the topic of several studies (Bursik et al., 2012; Macedonio et al., 2016; Madankan et al., 2014; Pouget et al., 2016; Scollo et al., 2008; Stefanescu et al., 2014). An important source of uncertainty that has a direct impact on final map production has been however poorly considered so far, that is the uncertainty related to the inadequacy of the numerical model itself, which is linked to the necessary physical approximations that allow acceptable computational times. Constraining the model-related uncertainty is an open challenge in common with other geophysical mass flow modeling efforts, and requires a statistically-based and multi-model approach (Bevilacqua et al., 2019; Costa et al., 2016b; Patra et al., 2020; Patra et al., 2018).
This paper presents a tephra fallout hazard assessment study, which focuses on the area of Quito, Ecuador’s capital city. In order to perform this study, we focus on Cotopaxi and Guagua Pichincha, which are located nearby the city and are currently active volcanoes with recent eruptions. Two main novelties are included in this study: i) a modelling strategy that employs a coupling between the plume model PLUME-MoM (de'Michieli Vitturi et al., 2015) and the tephra dispersal model HYSPLIT (Stein et al., 2015); ii) a procedure that takes into account the three above-mentioned major sources of uncertainty during the production of tephra fallout hazard maps (on the ESPs, on the model, and on the eruption type occurrence probability). Particularly, the preliminary definition of these uncertainties has been the topic of two precedent studies (Tadini et al., 2020, 2021), which are propedeutical to this work, and have been developed in the ambience of the same research project. 
In summary, in this study we firstly introduce Cotopaxi and Guagua Pichincha volcanoes (section 2). Then we describe the modelling strategy (section 3.1), the uncertainty quantification for ESPs and eruption type occurrence (section 3.2), and the procedure for hazard maps and hazard curves production. Finally, section 4 focuses on the presentation of the maps/curves and the discussion of their main implications, including the areas and the people potentially involved by each hazard isoline.
2 Background
Quito, Ecuador’s capital city, is located in the inter-andean valley, within the province of Pichincha (Fig. 1a). With almost three millions of inhabitants it is also the largest city in the country, it hosts the largest country’s airport and it is in the middle of the most important road systems (e.g. the “Pan-American highway”; Fig. 1a).
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Figure 1. a) Location of Cotopaxi and Guagua Pichincha volcanoes with respect to the capital city Quito and the main towns and infrastructures in the region. Service Layer Credits, source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community; b) Cotopaxi volcano seen from North; c) Guagua Pichincha volcanic complex and the city of Quito seen from East.

2.1 Cotopaxi
Cotopaxi volcano (Fig. 1a and b) is characterized by a bimodal volcanism involving rhyolitic (70–75 wt.% SiO2) and andesitic (56–62 wt.% SiO2) magmas. According to Hall and Mothes (2008), rhyolitic magmas were erupted mostly in the early stages of Cotopaxi activity (Plinian eruptions with VEI 4-5 or greater), while from ~4 ka until present day, magmas erupted were almost all andesitic in composition. The latter period of activity with andesitic magmas include violent Strombolian VEI 2-3 (in the XIX century, Pistolesi et al., 2011), sub-Plinian VEI 3-4 (AD 1877 or XVIII century, Pistolesi et al., 2011) and Plinian VEI 4-5 (Layer 3 - 820±80 years BP; Layer 5 - 1180± 80 years BP, Biass and Bonadonna, 2011; Tsunematsu and Bonadonna, 2015) eruptions. The last eruption of Cotopaxi is the AD 2015 VEI 1-2 eruption, characterized by an opening hydrovolcanic phase (Bernard et al., 2016) followed by a ~3 months long ash emission (Gaunt et al., 2016; Hidalgo et al., 2018). 
Cotopaxi volcano has been the topic of tephra fallout hazard (Biass and Bonadonna, 2013; Hall et al., 2004a; Hall et al., 2004b; Hall and von Hillebrandt, 1988a; Miller et al., 1978) and risk (Biass et al., 2013) assessment studies. Particularly, Biass and Bonadonna (2013) performed a probabilistic tephra fallout hazard assessment for five eruption scenarios (two with fixed ESPs and three with ESPs defined as a variation range), with magnitudes ranging from VEI 3 to 5. For each eruption scenario, 1,000 runs were done by using the TEPHRA2 model. As input parameters for this model, Biass and Bonadonna (2013) considered, for each run, i) a wind profile sampled from the NOAA NCEP/NCAR Reanalysis 1 database (Kalnay et al., 1996) and ii) erupted volume, plume height and median grainsize sampled from a specific distribution. The probability of tephra accumulation in a given time window was presented by the authors through three different outputs, i) probability maps for a given tephra accumulation, ii) isomass maps for a given probability value and iii) hazard curves for several locations, including Quito city center and the town of Latacunga. Moreover, using data from the global volcanism program database, the authors calculated the probability of occurrence of an eruption of VEI ≥ 3 for the next 10 (~36%) and 100 (~99%) years. Additionally, Biass et al. (2013) performed a risk assessment for eruptions with VEI ≥ 4, highlighting the possible roof collapse due to tephra loading of several thousands of houses in the proximity of the volcano, the destruction of agriculture and the possible disruption of major roads. Then, Volentik and Houghton (2015) performed a more extended hazard assessment focused on the potential impact of tephra fallout on Quito International airport from explosive eruptions of different Ecuadorian volcanoes. They used the TEPHRA2 model and NCEP/NCAR Reanalysis 1 wind data, while plume height, eruption duration, total mass and median/sorting of grain size were sampled from uniform, log-uniform or log-normal distributions. Specifically for Cotopaxi, the study indicated, at Quito airport, a probability of mass accumulation of 1 mm and 10 mm of, respectively, ~14% and 2.5%. Recently, a multi-hazard map for Cotopaxi was released divided in three sectors, North (Mothes et al., 2016a), South (Mothes et al., 2016b) and East (Vasconez et al., 2017). In the first two maps, tephra fallout hazard assessment was treated as the expected tephra accumulation (with thresholds of 5 and 25 cm) in case of an eruption with VEI 3-5, based on field data of past eruptions with similar magnitudes. In the map of Vasconez et al. (2017), instead, the authors present the most likely (80%) distribution for a VEI 3 eruption (similar to the AD 1877) based on 120 simulations (1 per month for 10 years, windfield reanalysis 2007-2017) using the ASH3D model (Schwaiger et al., 2012). In this map Quito is potentially (<20% probability) affected by ashfalls between 10 and 100 mm. Finally, additional tephra fallout maps have been presented in the work of Cruz Roja Ecuatoriana (2020), which include maps for 5 eruptive scenarios (120 simulations each using the ASH3D model) for different probability thresholds (1, 25, 50, 75 and 99%)
2.2 Guagua Pichincha
The Pichincha volcanic complex (Fig. 1a and c) is composed of three distinct edifices, the youngest of which is Guagua Pichincha (4,784 m a.s.l.). During the eruptive history of this latter (starting from 60 ka), all the erupted products were of andesitic to dacitic composition (59-66 wt.% SiO2; Robin et al., 2010). Guagua Pichincha volcano has been affected by two major lateral collapses (at ~11 ka and ~4 ka): after the latter one ("Toaza" lateral collapse; Robin et al., 2008) the eruptive history has been characterized mainly by phases of growth and destruction of a summit dome (“Cristal Dome”), divided into three major eruptive cycles (I century, X century, Historic) and separated by repose periods of the order of 300–500 years. Each cycle was initiated with phases of dome emplacement and explosive episodes, and involved a final Plinian-like eruption (Robin et al., 2008). The closing eruption of the Historic cycle occurred in AD 1660 (Robin et al., 2008) and caused severe ash fallout in Quito and pyroclastic density currents on the western side of the volcano (testified by historical accounts, Wolf, 1904). After more than 300 years of quiescence, a new eruptive cycle started in AD 1999, lasting for almost 2 years until AD 2001, including several Vulcanian events and a series of dome-forming eruptions (Garcia-Aristizabal et al., 2007; Wright et al., 2007). 
The first tephra fallout hazard assessments at Guagua Pichincha have been done by Hall and von Hillebrandt (1988b) and Barberi et al. (1992). Particularly, the latter authors considered the Plinian-like eruptions of the X century and Historic cycles as the maximum expected events, and they calculated the expected tephra accumulation using the model of Armienti et al. (1988). For this model they considered two single meteorological profiles (i.e. wind) and specific eruptive source parameters for each of the two eruptions. Resulting maps described tephra accumulation in term of thickness (from 5 to 50 cm) and a zonation of the area surrounding Guagua Pichincha in different classes according to the impact of tephra fall and other volcanic-related hazards. Volentik and Houghton (2015), in the case of an eruption from Guagua Pichincha volcano indicated at Quito airport a probability of accumulation of 1 mm and 10 mm of ash of 17.5 and 7 %, respectively. Finally, a multi-hazard map for Guagua Pichincha was published (IG-EPN et al., 2019) within the already cited work of Cruz Roja Ecuatoriana (2020). For such map it has been used the ASH3D model (Schwaiger et al., 2012), and tephra fallout hazard assessment has been treated in a semi-probabilistic way. Three scenarios linked to three past eruptions (AD 1999-2001, X century, AD 1660-Historic) have been considered with fixed eruptive source parameters, while wind profiles were statistically sampled at each iteration. Resulting maps described the expected tephra thickness (in mm) for given probabilities (1, 25, 50, 75 and 99%).
3 Methods
3.1 Numerical modelling
3.1.1 PLUME-MoM/HYSPLIT model
In this work, we used a coupling between the integral plume model PLUME-MoM and the tephra transport and dispersion model HYSPLIT, as already performed by Tadini et al. (2020) and Pardini et al. (2020). With PLUME-MoM, through a post-processing procedure, we computed the mass released from the plume at intervals of fixed height, which were the source locations for HYSPLIT. 
In this paper we use a newly released version of PLUME-MoM (PLUME-MoM-TSM, with "TSM" standing for "two-sized moments"; de' Michieli Vitturi and Pardini, 2021). As in the first version of de'Michieli Vitturi et al. (2015), PLUME-MoM solves the equations for the conservation of mass, momentum, energy, and the variation of heat capacity and mixture gas constant. The model accounts for particle loss during the plume rise and for radial and crosswind air entrainment parameterized using two entrainment coefficients, and it adopts the method of moments to describe a continuous size distribution of one or more group of particles (e.g., with different densities, shapefactors,etc.). In particular, among the new features of PLUME-MoM-TSM, we used: i) the initial spreading of the umbrella cloud injecting from the volcanic column into the atmosphere, simulated through a transient shallow-water system of equations that models the intrusive gravity current and ii) the modelling of terminal fall velocity according to Ganser (1993). 
The HYSPLIT model (Stein et al., 2015) belongs to the family of Lagrangian Volcanic ash transport and dispersion models, and solves the Lagrangian motion equations for the horizontal transport of pollutants (i.e. particles), while vertical motion depends on the pollutant terminal fall velocity. The dispersion of a pollutant is described using three main types of configuration, “3D particle”,“puff” or hybrid “particle/puff”. Particularly, in the “puff” configuration, pollutants are described by packets of ash particles (“puffs”) having a horizontal gaussian distribution of mass described by a standard deviation σ. The puffs expand with atmospheric turbulence until they exceed the size of the meteorological grid cell (either horizontally or vertically) and then split into several new puffs, each with their respective pollutant mass. We have used the hybrid “particle/puff” configuration, in which the horizontal packets of particles have a “puff” distribution, while in the vertical direction they move like 3D particles. As discussed in Tadini et al. (2020) this configuration allows to use a limited number of puffs (thus reducing computationl times) to properly capture both the horizontal dispersion and the vertical wind shears. In this work we have used the April 2018 release version of HYSPLIT, with the modifications detailed in Tadini et al. (2020).
3.1.2 Uncertainty quantification for the numerical model
In this paper we apply the procedure for the quantification of the uncertainty of tephra fallout model described in Tadini et al. (2020). In the latter, the coupled PLUME-MoM/HYSPLIT model has been tested through simulations of four past eruptions of different magnitudes and styles from three Andean volcanoes (Tungurahua and Cotopaxi in Ecuador and Puyehue-Cordòn Caulle in Chile). Such uncertainty was quantified by evaluating the differences between modeled and observed data of plume height above the vent, and mass loading and grain size at given stratigraphic sections. Regarding mass loading (kg/m2) in particular, for each eruption type and meteorological dataset tested, Tadini et al. (2020) calculated the mean overestimation (MO) and the mean underestimation (MU),
									(1)
where No and Nu are the number of sections with overestimation and underestimation, respectively. These two values were divided by the mean value of mass loading measured in the field (MML), thus giving two coefficients (MO/MML and MU/MML), which we will use in section 3.3.1 to account for, respectively, model overestimation and underestimation. Given the new features introduced in PLUME-MoM (see Section 3.1.1), we ran the simulations again for all the eruptions used by Tadini et al. (2020). In order to take into account the full uncertainty of the model, we chose the two MO/MML and MU/MML worst values related to the GDAS meteorological database (used in this work, see section 3.2.2), both deriving from the Puyehue-Cordon Caulle 2011 sub-Plinian eruption, which were 
MO/MML = 2.2
MU/MML = -0.12
3.2 Eruption type probabilities and input parameters for the numerical model
3.2.1 Eruption type probabilities
To provide a quantification of the uncertainty in future eruption occurrences at both Cotopaxi and Guagua Pichincha volcanoes, Tadini et al. (2021) performed an expert elicitation session aimed at quantifying such values, which we will use in the merging of maps/curves (see section 3.3.3). In general, during an elicitation session (Aspinall, 2006; Aspinall et al., 2019; Bevilacqua et al., 2015; Neri et al., 2008; Tadini et al., 2017a) selected experts are asked to provide their judgements (in the form of three percentiles, normally the 5th, 50th and 95th) on two different questionnaires. Firstly they are asked factual questions with known answers to the organizers, in which they are asked to provide credible intervals that capture the ‘true’ values (seed questions). The score that each expert got assigned after filling this first questionnaire is then used to pool all experts’ judgements on a second questionnaire. This questionnaire enlists a number of “target” questions with unknown answer, which specifically address the problem(s) under investigation, in order to obtain group synthesized answers called ‘decision-maker’. 
In Tadini et al. (2021), a total of 20 experts (with different background, experience and knowledge on the studied volcanoes) were calibrated through 14 seed questions on south American (particularly Ecuadorian) volcanism and numerical modelling of tephra transport and dispersal. Thus the experts were weighted using two performance-based schemes: the CM (Classical Model, Cooke, 1991) and ERF (Expected Relative Frequency, Flandoli et al., 2011) methods, and compared to an equal weight combination. The experts were then asked to provide their answers on 55 target questions on both future eruption occurrences and eruptive source parameter uncertainty ranges (see section 3.2.2). Regarding future eruption occurrences, two time frames were distinguished, the next eruption case and the next 100 years case: the former was aimed at assessing what would be the probability for the next eruption of a specific type (the mean elicited values summed up to 100%), while the 100 years focused on the probability of having at least one eruption of a specific type within the next 100 years (no constraints on the elicited values sum). This was made in order to consider the case of new large scale eruptions in the next 100 years, albeit preceded by smaller size events. The comparison to previous estimates based on temporal models of the eruptive record is thoroughly discussed in Tadini et al. (2021). A major advance was related to having obtained a probability distribution of eruption occurrence over an uncertainty range, thus enabling a doubly stochastic approach (Bevilacqua et al., 2020; Bevilacqua et al., 2018; Bevilacqua et al., 2016; Marzocchi et al., 2008; 2010; Neri et al., 2008; Tadini et al., 2017b).
In this paper we use the results related to the CM model, and the corresponding probability distributions for the eruption types considered in this study (i.e. sub-Plinian and Plinian) are reported in Fig. 2. Mean values of the probability distributions are reported in Table 1, while the three percentiles for each eruption type are reported in Table S1 from the supporting information.
[image: ]
Figure 2. Uncertainty distributions according to the Classical Model method for the probability of occurrences of the sub-Plinian and Plinian eruption types for a) Cotopaxi and b) Guagua Pichincha volcanoes. y-axis describes the density of the probability density function. Data from Tadini et al. (2021).

	Eruption Cotopaxi
	Next eruption (%)
	Next 100 years (%)

	sub-Plinian Rhyolitic
	5.9
	12

	Plinian Rhyolitic
	4.6
	12

	sub-Plinian Andesitic
	12
	31

	Plinian Andesitic
	6.9
	17

	Eruption Guagua Pichincha
	Next eruption (%)
	Next 100 years (%)

	sub-Plinian
	22
	28

	Plinian
	14
	21


Table 1. Mean values obtained from the distributions of Figure 2. Data from Tadini et al. (2021).

3.2.2 Input parameters for the numerical model
We used detailed uncertainty distributions to sample three important parameters for tephra fallout hazard assessment and numerical modeling, which are eruption duration, total mass of the fallout deposit, and average plume height. Such distributions were defined by the expert elicitation session thoroughly described in Tadini et al. (2021) and summarized in section 3.2.1. We report these uncertainty distributions in Fig. 3 and the mean values of such distributions in Table 2, while the three elicited percentiles (5th, 50th, and 95th) are reported in Tables S1 and S2 from the supporting information.
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Figure 3. Eruptive source parameters (total eruption duration, total fallout mass and average plume height), uncertainty distributions according to the Classical Model method (from Tadini et al., 2021; upper panels) and uncertainty distributions recalculated after the application of the relation of Mastin et al. (2009) (lower panels) for a) Cotopaxi and b) Guagua Pichincha volcanoes. y-axis describes the density of the probability density function.

	Eruption Cotopaxi
	Duration [hours]
	Total mass fallout [109 kg]
	Average plume height [km]
	MdΦ
	σΦ

	sub-Plinian Rhyolitic
	3.3 (4.1)
	49 (36)
	14 (18)
	-0.5 - 4
	2.1 - 3.1

	Plinian Rhyolitic
	6.2 (7.6)
	270 (365)
	22 (27)
	-0.4 - 4
	2 - 3.3

	sub-Plinian Andesitic
	1.8 (3.8)
	27 (31)
	16 (17)
	-1.2 - 4.5
	1.7 - 3.4

	Plinian Andesitic
	2.2 (7.7)
	240 (262)
	24 (24)
	-0.8 - 4.4
	1.8 - 3.3

	Eruption Guagua Pichincha
	Duration [hours]
	Total mass fallout [109 kg]
	Average plume height [km]
	MdΦ
	σΦ

	sub-Plinian
	2.2 (3.8)
	24 (25)
	16 (16)
	1.3 - 3.8
	2.2 -3.3

	Plinian
	4 (7)
	130 (150)
	24 (21)
	1.5 - 3.7
	2.1 - 3.2


Table 2. Mean values for duration, total fallout mass and average plume height (Figure 3 and Tadini et al., 2021) and maximum-minimum values for median (MdΦ) and sorting (σΦ) of the total grain-size distributions (Costa et al., 2016a). Values in square brackets are mean values after the application of the relation of Mastin et al. (2009) described in section 3.3.1.

For other parameters, such as total grain-size distribution (TGSD), particle densities, particle shape factors, and initial volatile content of magma, we considered an uncertainty range variable between two end members. In detail, for particle density we considered that this parameter varies linearly between those typical of two grain size end-members. Uncertainty bounds for this latter parameter have been derived from Bonadonna and Phillips (2003) and Pistolesi et al. (2011). For TGSD, instead, we considered the relationship discussed in Costa et al. (2016a), who proposed that TGSD distributions (for each eruption and magma types) can be described by the sum of two log-normal distributions as a function of plume height and magma viscosity. Details of these relations are provided in the Appendix. In our study we have considered TGSD in the range Φ = -6 to Φ = 10 (see Table 2 for the range of median and sorting of the total grain size distributions used in the simulations). Regarding the uncertainty ranges of the other parameters, we relied on the constraints in literature for initial water mass fractions (Andújar et al., 2017; Martel et al., 2018; Samaniego et al., 2010; Wright et al., 2007), and particle shape factors (Riley et al., 2003) of other volcanoes. The complete list of the parameters (other than those reported in Table 2) is available in Table S3 from the supporting information.
For meteorological data, we have used those deriving from the GDAS forecast data (NOAA, 2004), covering the period December 2004 – December 2019. This meteorological dataset (tested by Tadini et al., 2020) collects atmospheric data on 23 pressure levels (plus ground data) with a spatial grid resolution of 1° x 1° and a temporal resolution of 3 hours. An example of wind directions/velocities at a selected pressure level (200 hPa) above Cotopaxi volcano is provided in Figure S1 from the supporting information, which shows that main wind directions are toward NW/W/SW with the exceptions of December and January.
3.3 Hazard maps and curves
3.3.1 Parameters sampling and maps production
In this study, in order to explicitly quantify the different uncertainties, we have implemented a new and comprehensive procedure for parameter sampling and map production, as illustrated in Fig. 4. This figure shows the procedure for each eruption type and for each iteration.
The uncertainty affecting the eruptive source parameters (ESPs) was taken into account with a Monte Carlo sampling (Fig. 4a). Three major ESPs (eruption duration, total mass of tephra fallout deposit, and average plume height) have been sampled directly from the distributions provided by Tadini et al. (2021) and reported in Fig. 3. 
However, in order to provide set of parameters consistent with real eruptions, we have used the relations described in Mastin et al. (2009) that link plume height (in km) with volumetric flow rate (VFR in m3/s) and total volume (V in km3) of the fallout deposit, which are
										(2)
									(3)
Therefore, we have defined three possible cases, imposing that one third of the Monte Carlo iterations follows each case:
· total mass is sampled and duration/plume height are calculated;
· plume height is sampled and total mass/duration are calculated;
· duration and total mass are sampled and plume height is calculated.
For the latter case, duration and total mass have been sampled independently due to the absence of a strong relationship between eruption duration and the other parameters (as also pointed out by Mastin et al., 2009). In detail, the total mass of tephra fallout deposit (in kg) enabled the calculation of the mass flow rate (kg/s) using eruption duration. To convert our mass and mass flow rate to, respectively, volume and volumetric flow rate, we have used magma DRE densities, and we tabulated values from Spera (2000) of 2340, 2220 and 2110 kg/m3 for, respectively, andesitic, dacitic and rhyolitic melts. Density values have been chosen corresponding to magma water contents compatible to the ranges used here (see Table S2 from the supporting information).This procedure has the advantage of creating set of parameters physically related for each simulation, although it introduces some alterations with respect to the original elicited values. We found these differences not significant, except for eruption duration (see Fig. 3), which reduced the probability of samples below 60 minutes, and thus has mean values slightly higher than the elicited one for all the eruption types. Nevertheless, although this is significant to mention in terms of seeking future improvements of input parameters handling, the increment of duration is not significantly influencing our hazard assessment because it only affects the eruptions of shortest duration and, in absolute terms, prolongs them of a few tens of minutes. 
We highlight that PLUME-MoM cannot take plume height as input parameter, and thus the plume height in our procedure (both sampled from the elicited distribution of Tadini et al., 2021 or calculated after Mastin et al., 2009) can be different with respect to the plume height calculated by PLUME-MoM for the inferred total mass and duration. In case the elicited plume height is sampled, we found that PLUME-MoM can provide plume height values ~30-40% lower, at the end of simulation, with respect to those used to calculate the total mass/duration. This is perhaps related to the fact that Mastin et al. (2009) mostly focus on the maximum plume height while we consider their average values, in our simulations. However, the uncertainty bounds provided by Mastin et al. (2009) and the uncertainty range of our elicitation are fully overlapping and greater than the above-mentioned differences. 
As previously mentioned, plume height and magma viscosity enabled us to calculate total grain-size distribution according to the relation proposed by Costa et al. (2016a) (see previous section, Appendix, and Table 2). However, we found the differences in the TGSD because of the plume height discrepancy to be not significant. 
We finally remark that the duration of the eruption was also used to select (from the GDAS meteorological file covering the period 2004-2019) a time period for meteorological data. To this time period, additional 6 hours of simulation (with no emission) have been added to allow the particles to settle. To account for monthly variations in atmospheric data (see Figure S1 from the supporting information), we have performed the same number of simulations for each month (250, chosen as the best compromise between output accuracy and computation time).
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Figure 4. Sketch of a) parameter sampling for each iteration; b) processing of simulations; c) post processing and development of probability maps.
The uncertainty due to the numerical model has been quantified during the processing of simulations (Fig. 4b). During this stage, the sampled parameters have been assembled to create an input file for the model, and at the end of the simulation it has been provided an output in the form of a sampling grid, where each node Ni,j (with latitude and longitude coordinates) has a mass loading value (in kg/m2). By using the two coefficients MO/MML and MU/MML described in Tadini et al. (2020) and in section 3.1.2, two additional maps were created:

· a map with nodes Nk,l that corrects model overestimation, such that Nk,l = Ni,j – (Ni,j*MO/MML), where MO/MML is the coefficient of overestimation;
· a map with nodes Nm,n that corrects model underestimation, obtained by multiplying each mass loading value by the coefficient of underestimation (MU/MML).
The mass loading values of each map (in kg/m2) were then converted into thickness values (in mm) by dividing them with deposit density average values. For Cotopaxi we have used 825 kg/m3 for andesitic (average among values used by Tsunematsu and Bonadonna, 2015) and 560 kg/m3 for rhyolitic (Bonadonna et al., 2015) magmas. For Guagua Pichincha, given the general paucity of published data, we have collected 22 samples from tephra fallout deposits from both the X century (12 samples) and Historic (10 samples) eruption cycles (Figure S2 from the Supporting Information). The average value of the calculated deposit densities (measured as the ratio mass/volume of the 22 samples) yields an average value of 745 kg/m3.
Once all simulations were finished, probabilistic maps were produced in a post-processing stage (Fig. 4c) following the approach of Bonadonna (2006). According to this latter, the probability P(Ni,j) at each node Ni,j (for the simulation output, same for the overestimation/underestimation maps) is determined by summing the number of times a certain thickness threshold (Thk) is reached and dividing it by the total number m of the simulations:

										(4)
where 
							(5)

In this study we have used six different thresholds (in mm, Fig. 4c), chosen to be comparable with existing hazard maps and hazard-related studies. Three maps were in the end produced (“Lower”, “Natural” and “Upper”), defining a set of maps that quantify the uncertainty associated with the model. This procedure has been applied for all the six eruption types considered in this study (see section 3.3.2).
3.3.2 Maps and curves format
We focused on medium to large magnitude eruptions, i.e. those with VEIs ≥ 3 corresponding to sub-Plinian to Plinian eruptive styles (i.e. those for which the model performs better). For the two studied volcanoes, this corresponds to four eruption types for Cotopaxi (sub-Plinian/Plinian with rhyolitic magmas and sub-Plinian/Plinian with andesitic magmas) and two eruption types for Guagua Pichincha (sub-Plinian and Plinian). Different maps have therefore been produced for each eruption type and thickness threshold (see section 3.3.1). Moreover, for each volcano, the corresponding maps have been merged to produce a unique set of maps according to the procedure detailed in section 3.3.3. To limit the computational times, the computational domain of the simulations has been imposed equal to a square of 1.5°x1.5° centered on each volcano.
The resulting maps (produced through a post-processing procedure into the ArcGIS10© software) follow a similar format to those proposed by Biass and Bonadonna (2013), which are: i) probability maps (for the 10% and 50% isolines) corresponding to a thickness threshold; ii) isopach maps corresponding to a specific probability (10% and 50%). In order to simplify the resulting maps, for map type i) we plotted a colored band between upper and lower isolines that highlights the effects of the uncertainties of the numerical model (more details in the previous section) and in the probabilities of occurrence of the different eruption types considered (more details in the following section). Instead, for map type ii) we have shown only the upper isolines to present the worst result in a conservative approach. In addition, we derived hazard curves, which describe the probability of exceeding certain values of tephra accumulation for a given location (Bonadonna, 2006), at 10 sensitive sites within the city of Quito. Such sites have been chosen because they could be heavily affected by tephra fall and could cause major issues to population and authorities. These sites are (Fig. 5): Quito airport, Quito city center (UNESCO world heritage), Instituto Geofisico (IGEPN – Ecuador’s center for both volcanic and seismic monitoring), five hospitals and two water treatment plants, all of them roughly distributed N-S along the city.
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Figure 5. Sensitive sites within the capital city of Quito considered in this study. Service Layer Credits, source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community.

3.3.3 Merging of the maps
On top of the algorithm described in the previous section, we implemented an additional procedure that combines the scenarios of sub-Plinian and Plinian eruption types, weighted according to their probability of occurrence (Fig. 6). The uncertainty distributions of these probabilities have been estimated in Tadini et al. (2021) and are reported in Fig. 2a for Cotopaxi and Fig. 2b for Guagua Pichincha, for both the next eruption and the next 100 years cases. While the former is used in our merging procedure, the second is considered when analyzing the maps related to single eruption types in terms of a comprehensive hazard assessment of the next 100 years, and it is not used in this section.
In more detail, in case of two eruption types a and b (Fig. 6), for each thickness threshold, the procedure illustrated in section 3.3.1 provides two sets of three output maps (Lower, Natural and Upper), each of them composed of a series of nodes (N) on a sampling grid. Each node N represents the probability of exceeding the considered thickness. During our merging procedure, we initially sampled m=1000 probabilities for each eruption type from the probability density functions of the corresponding eruption type of Fig. 2 (next eruption case), which were then normalized to sum to 100%. Such probabilities were then used to derive m map sets, where the node of each map was the result of a weighted mean (with respect to the probability of occurrences) of the original nodes of each eruption type. Finally, the set of three maps for each thickness threshold related to the next eruption (conditional to the occurrence of either eruption a or b) was obtained by sampling, for each node of the grid:

· for the final Lower map, the 5th percentile of the distribution of the m lower maps;
· for the final Natural map, the mean (E) of the distribution of the m natural maps;
· for the final Upper map, the 95th percentile of the distribution of the m upper maps.
In this way we are able to show the full extent of the uncertainty linked to different eruption types (given by the 5th and 95th percentiles), with a mean value that ultimately represents the actual outputs of the model for each eruption type combined with mean values of eruption occurrences.
As already discussed, this merging procedure has been applied to combine four eruption types of Cotopaxi volcano (sub-Plinian andesitic/rhyolitic and Plinian rhyolitic/andesitic) and two eruption types for Guagua Pichincha volcano (sub-Plinian and Plinian). The same procedure has been used to combine the hazard curves of all the 10 sites.
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Figure 6. Sketch illustrating the procedure used for merging the set of maps of two eruption types (a and b).


4 Results and discussion
In the following sub-sections, we present and discuss separately the merged probabilistic and isopach maps and the hazard curves for both Cotopaxi (Figs. 7-9) and Guagua Pichincha (Figs. 10-12) volcanoes.We also report, in Tables 3-4, the areal extent covered and the people potentially affected by single isopach lines corresponding to 10% and 50% probabilities for both volcanoes. For the number of people potentially affected, we have used data from the LandScan database (Rose et al., 2020). We stress that for some isolines, the areas and the people potentially affected represent minimum values since some isolines extend further out of the computational domain. Additionally, we include in the supporting information the maps/curves for each single eruption type (Figs. S3-S57) and the calculated exceeding probability values for each accumulation threshold, each eruption type and each sensitive site related to the hazard curves (Tables S4-S6). Our results follow a “doubly stochastic” approach, made of two stages - first we varied the ESPs to produce “classical” hazard maps and curves, then we evaluated the effects of the uncertainties affecting both numerical model and eruption type probability of occurrence. Similar double-step procedures have been applied in pyroclastic density current hazard assessments (Bevilacqua et al., 2017, 2021; Neri et al., 2015; Rutarindwa et al., 2019), but not in the case of an ash fallout hazard assessment. In addition, previous studies did not evaluate the effects of the model uncertainty on the hazard assessments systematically.
4.1 Cotopaxi
At Cotopaxi, the amount of people potentially affected (especially considering the 50% isolines, see Table 3) isconsiderable (Figs. 7-8), since seven cities/towns are potentially affected by various tephra fall accumulations. Among them, three have > 100,000 inhabitants (Quito, Ambato and Santo Domingo), one has > 25,000 (Latacunga), two have > 5,000 (Machachi and Tena) and one has < 5,000 (Baeza). A striking feature of the maps presented is the drastic changes in people potentially affected within the Lower-Natural-Upper maps, . Considering for instance the 10% isolines (Table 3), for the 10 mm isopach the people potentially affected change from 350,000 (Lower) to almost 2 million (Natural). Concerning the maps themselves, the prevailing winds toward W imply that areas to this direction have higher probabilities of tephra accumulation, which could potentially cause severe issues for both building stability and infrastructures, such as the “Pan-American” highway (see Figs. 7-8 and also Biass and Bonadonna, 2013).
Table 3 can be used for a partial comparison with the work of Biass and Bonadonna (2013), with which our paper shares similarities in the modelling strategy and product outputs, although they did not consider the uncertainties in the eruption type probabilities and in the numerical model results. With respect to the areas covered by their 1, 10, 100, 300 kg/m2 (roughly comparable to our thickness thresholds) for the 50% probability, our data are generally lower. For example, in Biass and Bonadonna (2013) the area covered by the 1 kg/m2 isomass for an eruption scenario VEI 3-5 for the next 100 years is 7,900 km2, while our Upper (95th percentile) of the 1 mm is 7,000 km2. The comparison between our results and those in Biass and Bonadonna (2013) is however complicated by the many methodological differences in i) the model employed, ii) the use of thickness thresholds, iii) the consideration of eruption types rather than single VEIs, and iv) the choice of focusing on the next eruption rather than the next 100 years for combined eruption types (with differences in the estimation of probabilities of occurrence). Nevertheless, further improving the consistency between the elicited values of plume height, the empirical correlation formulas, and the numerical simulator output, within a fully fledged uncertainty assessment is a compelling task for additional research.
[bookmark: _GoBack]Considering the impact of tephra accumulation on airports, our maps indicate that two to five airports could be affected by a tephra accumulation of 1 mm with a probability of at least 10% (see Figs. 7 and 8). Among them, Quito international airport (Fig. 9) could have a tephra accumulation of 1 mm and 1 cm of, respectively, 6-24% and 1-11% (Tables S4 and S5 from the Supporting Information). Such values are in agreement with those proposed by Volentik and Houghton (2015), who calculated the same probabilities as, respectively, 14-20% and 2.5-6%.
Bebbington et al. (2008) estimated that an accumulation of 1-2 mm of ash could be sufficient for flashovers to occur along the normal electrical networks, and therefore to cause voltage fluctuations and power shutdown, as also shown by Lòpez et al. (2016) for Cotopaxi and Tungurahua volcanoes. For Cotopaxi, this accumulation could concern a minimum of three up to five power plants and a minimum of 364 up to 626 km, if we consider, respectively, the lower and upper 10% probability contours (Figs. 7-8).
Concerning the sensitive sites in Quito (Fig. 9), the probabilities for an accumulation of 1 cm (an average of the accumulation thresholds chosen) could be 3-18% for Quito city center (with possible consequences on the cultural heritage), 2-16% for IGEPN Quito (with possible impact on instrumentation and data transmission systems for volcanic and seismic monitoring), 2-22% for the five hospitals chosen (with possible problems on ventilation and power supply) and 2-20% for the water treatment plants (implying a possible contamination on water supply for the communities).

	Thickness (mm)
	Cotopaxi 10% probability                              Area Covered (km2)
	Cotopaxi 10% probability                              People potentially affected

	
	Lower         (5th perc)
	Natural (Mean)
	Upper       (95th perc)
	Lower          (5th perc)
	Natural (Mean)
	Upper       (95th perc)

	1
	13,305*
	20,444*
	24,047*
	2,421,481*
	4,092,923*
	4,177,950*

	3
	9,137*
	16,504*
	21,204*
	1,407,356*
	3,729,036*
	4,113,081*

	10
	4,134
	11,615*
	16,029*
	352,546
	1,987,021*
	3,503,368*

	30
	677
	6,348
	10,889*
	32,094
	640,204
	1,838,140*

	100
	16
	1,511
	4,482
	1
	101,884
	398,001

	300
	-
	58
	345
	-
	28
	9,022

	Thickness (mm)
	Cotopaxi 50% probability                              Area Covered (km2)
	Cotopaxi 50% probability                              People potentially affected

	
	Lower          (5th perc)
	Natural (Mean)
	Upper       (95th perc)
	Lower         (5th perc)
	Natural (Mean)
	Upper       (95th perc)

	1
	1,612
	4,230
	7,043
	113,800
	355,539
	644,273

	3
	433
	2,316
	4,441
	16,000
	172,887
	368,440

	10
	14
	650
	2,048
	1
	33,819
	160,167

	30
	-
	37
	390
	-
	8
	14,973



Table 3. Area covered and number of people potentially affected by tephra falls characterized by isopach contours corresponding to 10% and 50% probabilities for next sub-Plinian/Plinian eruption at Cotopaxi volcano. Numbers with * indicate that the corresponding isopach extends out of the computational domain, and the number itself is therefore an underestimation.
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Figure 7: Probability maps (Cotopaxi volcano, red triangle) for different thickness accumulations in case the next eruption is sub-Plinian or Plinian. Uppercase letters are city names: A = Ambato, T = Tena, L =Latacunga, M = Machachi, B = Baeza, SD =Santo Domingo, Q =Quito, EC = El Chaco, C = Cayambe. Service Layer Credits, source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community.
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Figure 8: Isopach maps (Cotopaxi volcano, red triangle) for different probabilities in case the next eruption is sub-Plinian or Plinian. Uppercase letters are city names: A = Ambato, T = Tena, L =Latacunga, M = Machachi, B = Baeza, SD =Santo Domingo, Q =Quito, EC = El Chaco, C = Cayambe. Service Layer Credits, source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community.
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Figure 9. Hazard curves for 10 sensitive sites in Quito in case the next eruption at Cotopaxi is sub-Plinian or Plinian.
4.2 Guagua Pichincha
For Guagua Pichincha volcano, due to the proximity with the highly populated city of Quito, even a small change in the location of an isoline can change significantly the amount of people potentially affected. For example, for the 30 mm isopach line with 10% probability (Figs. 10-11), the change in the area covered given by the Lower (5th percentile) and Natural (Mean) maps is only 600 km2 (Table 4), but the amount of people potentially involved changes from 1,200 to more than 2.7 million. Similar effects are evident also for the 100 mm (10% probability) and 3-10 mm (50% probability). The drastic change in people potentially affected is also linked to the fact that the main direction of wind blowing is toward W (see Figure S1 from the supporting information). This is consequently the main direction of isolines elongation, and since the amount of people living in this area is low (due to the presence of the rain forest), the small upwind changes of isoline areas to the E (where Quito is located) are the major causes for the drastic changes in the number of people potentially affected. In general, considering all the isolines and their uncertainties, seven cities/towns are potentially involved with various tephra fall accumulation, four of which with > 100,000 inhabitants (Quito, Ibarra, Cayambe and Santo Domingo), one with > 25,000 (Otavalo), one with > 5,000 (Machachi) and one with < 5,000 (Puerto Quito).
The uncertainty illustrated by the Lower-Natural-Upper maps is also particularly evident with respect to the airports potentially involved. If we focus for example on the isopach 1 mm, only two airports are included within the Lower (5th percentile) isopach, while four are included if we consider the Upper (95th percentile). For comparison, the Vulcanian 1999 eruption of Guagua Pichincha volcano has caused an accumulation of 3-5 mm of ash within the old location of Quito airport, and the subsequent closure of the airport for eight days (Guffanti et al., 2009). Concerning the new Quito airport, our study provides a specific hazard curve for this site (Fig. 12) with specific exceeding probabilities (Tables and S6 from the supporting information). Our probabilities for the 1 mm (26-50%) and 1 cm (8-27%) accumulation are higher than those provided by Volentik and Houghton (2015) (17-20% and 7-8% for the 1 mm and 1 cm, respectively). This is due to the different range of parameters used and the different models employed.
Considering the already mentioned threshold of 1-2 mm of ash that could cause electrical flashovers (Bebbington et al., 2008; Lòpez et al., 2016) and the maps of Fig. 11, two power plants have 50% probability to have accumulation of 1-3 mm, while other two have 10% probability for the same accumulation. Electric lines concerned by an accumulation of 1 mm cover a total of at least 420 to 536 km considering, respectively, the lower and upper isoline of the 10% (Fig. 10) For comparison, during the 1999 eruption of Guagua Pichincha that caused < 5 mm accumulation of ash in Quito, the local thermal power stations stopped their activity as a precautionary measure (d'Ercole and Metzger, 2000).
Specifically for the city of Quito, a sub-Plinian to Plinian eruption could lead to ash accumulation of 1 cm with probabilities for the analyzed sites of (Fig. 12 and Tables S4 and S6 from the supporting information) i) 15-50% for the five hospitals, ii) 19-50% for city center, iii) 15-42% for IGEPN Quito and iv) 16-48% for the two water treatment plants. With respect to the latter, we recall that, during the 1999 eruption of Guagua Pichincha, a treatment plant in Quito had to be closed due to possible water contamination (d'Ercole and Metzger, 2000).



	Thickness (mm)
	Guagua Pichincha 10% probability                     Area Covered (km2)
	Guagua Pichincha 10% probability                     People potentially affected

	
	Lower         (5th perc)
	Natural (Mean)
	Upper       (95th perc)
	Lower          (5th perc)
	Natural (Mean)
	Upper        (95th perc)

	1
	12,145*
	18,683*
	22,705*
	3,362,388*
	3,777,905*
	4,008,677*

	3
	11,687*
	14,791*
	18,669*
	3,258,186*
	3,480,078*
	3,776,293*

	10
	8,804
	9,862*
	14,067*
	2,476,307
	3,307,296*
	3,432,596*

	30
	4,073
	4,678
	8,677
	1,223
	2,705,155
	3,266,715

	100
	6
	571
	2,675
	5
	1,502
	2,166,834

	300
	-
	26
	119
	-
	22
	89

	Thickness (mm)
	Guagua Pichincha 50% probability                     Area Covered (km2)
	Guagua Pichincha 50% probability                     People potentially affected

	
	Lower          (5th perc)
	Natural (Mean)
	Upper       (95th perc)
	Lower          (5th perc)
	Natural (Mean)
	Upper       (95th perc)

	1
	1,374
	3,368
	5,717
	304,445
	2,285,577
	3,054,681

	3
	395
	1,757
	3,316
	602
	1,506,818
	2,295,369

	10
	18
	417
	1,329
	6
	925
	355,268

	30
	-
	25
	151
	-
	21
	122


Table 4. Area covered and number of people potentially affected by tephra falls characterized by isopach contours corresponding to 10% and 50% probabilities for next sub-Plinian/Plinian eruption at Guagua Pichincha volcano. Numbers with * indicate that the corresponding isopach extends out of the computational domain, and the number itself is therefore an underestimation.
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Figure 10: Probability maps (Guagua Pichincha volcano, red triangle) for different thickness accumulations in case the next eruption is sub-Plinian or Plinian. Uppercase letters are city names: L = Latacunga, M = Machachi, B = Baeza, SD = Santo Domingo, Q = Quito, EC = El Chaco, C = Cayambe, PQ = Puerto Quito, O = Otavalo, I = Ibarra. Service Layer Credits, source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community.
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Figure 11: Isopach maps (Guagua Pichincha volcano, red triangle) for different probabilities in case the next eruption is sub-Plinian or Plinian. Uppercase letters are city names: L =Latacunga, M = Machachi, B = Baeza, SD = Santo Domingo, Q = Quito, EC = El Chaco, C = Cayambe, PQ = Puerto Quito, O = Otavalo, I = Ibarra. Service Layer Credits, source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community.
[image: ]
Figure 12. Hazard curves for 10 sensitive sites in Quito in case the next eruption at Guagua Pichincha is sub-Plinian or Plinian.
5 Conclusions
This paper presents a tephra fallout hazard assessment for Cotopaxi and Guagua Pichincha volcanoes and an evaluation of the exposure of different sites and infrastructures in the region, with a specific focus on the consequences for the city of Quito. The results include probabilistic maps (for a fixed tephra accumulation and a fixed probability) and hazard curves for 10 sensitive sites in the city of Quito (airport, hospitals, city center, Instituto Geofìsico, water treatment plants), related to the specific case that the next eruption at both volcanoes could be either sub-Plinian or Plinian (VEI 3-5). Our new uncertainty quantification procedure has introduced, for all the eruption types and for both volcanoes, set of maps in which each isoline produced from the model output (“Natural”) is corrected by producing two additional isolines that take into account model underestimation (“Upper”) and overestimation (“Lower”). For both volcanoes, the impacted area, the number of people and the sensitive sites affected could vary significantly if these three isolines are considered. Apart from hazard implications discussed in the previous sections, in our study:
· we have employed a coupling between a plume model (PLUME-MoM) and a tephra transport and dispersal model (HYSPLIT). HYSPLIT is currently used by several Volcanic Ash Advisory Centers (VAACs) and, to the best of our knowledge, has never been used so far to produce isopach tephra fallout hazard maps. Further investigation with HYSPLIT is advisable in order to reduce its computational times and therefore consider larger computational domains and/or more refined computational grids.
· as sampling strategy, we chose to derive (for each eruption) sets of eruptive source parameters (duration, total mass of tephra fallout and plume height) physically consistent with real eruptions. We used the relations of Mastin et al. (2009) to calculate from one (or two) parameters sampled the remaining two (or one). This introduced correlations between the ESPs, but, as shown in section 3.3.1, introduced some variations in the original sampling distributions. While such new distributions are within physically coherent ranges, other existing relations (e.g., Sparks et al., 1997) could be employed to evaluate their effect of this recalculation.
· We performed the uncertainty quantification in two stages - first varying eruptive source parameters to produce “classical” hazard maps and curves, then evaluating the effects of the uncertainties affecting both numerical model and eruption type probability of occurrence. This “doubly stochastic” approach increases the complexity of the final products, but the effects of the considered sources of uncertainty are significant and should not be averaged or neglected. In fact, even small shifts in the position of isolines can imply a significant change in the amount of people potentially affected by a given tephra accumulation, which has a direct implication in both emergency and long-term planning.
Appendix: total grain-size distribution
Following Costa et al. (2016a), total-grain size distribution is here considered to be composed of two log-normal distributions (i.e. Gaussian in Φ scale) with the form

			(6)

where ,  and ,  are respectively the means and standard deviations of the two Gaussian distributions in distributions in  units, while p is the weight of each sub-population. Empirical values to calculate these parameters have been proposed by the same authors and have been adapted to our study in the following form











with H the plume height (km) and  the magma dynamic viscosity (Pa s)
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