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Keypoints

X We presentan uncertainty quantification for a coupled version of a plume model
(PLUME-MoM) and a tephra dispersal model (HYSPLIT)

x The model has been tested against filelth of 4 eruptions from Andean volcanoes (in
Ecuador and Chile) of different magnitudes/styles

X The main conclusion of the uncertainty quantification is that the model is best suited
for hazard studies of higher magnitude eruptions
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Abstract

Numerical modelling of tephrdispersalnd depositions essentiator evaluation of volcanic
hazard. Many models consider reasonable physiegproximatios in order toredue
computational times, buhis mayintroduce a certain degree of uncertaimythe simulation
outputs.The important step ofncertainty quantificatiors dealt in this paper with respect to a
coupled version of a plume model (PLUMEOM) and a tephra dispersal model (HYSPLIT).
The performances of this model are evaludatedugh smulatiors of four pasteruptions of
different magnitude and styles from three Andean volcanpeand the uncertainty is
quantified by evaluating the differences between modeled and observed data of plume height
(at different time steps above the veagwell as mass loading and grain siz given
stratigraphic section®ifferent meteorological datasetgere alsotestedand hada sensibé
influence on the model output®ther results highlight that the modehdsto underestimate
plume heightswhile overestimahg mass loading valuesspecially for higher magnitude
eruptions.Moreover, the advective part of HYSPLIT seems to work more efficiently than the
diffusive part.Finally, thoughthe coupledPLUME-MoM/HYSPLIT modelgenerallyis less
efficient in reproducingdepositgrain sizeswe proposeit may be usedor hazard maps
production for higher magnitude eruptions ($RImian or Plinian)for what concern mass
loading

Index Terms and Keywords

4314 Mathematical and computer modeling, 3@RBertainty quantificatiorB428 Explosive
volcanism 8488 Volcanic hazards and risks

Tephra fall, tephra dispersal, numerical modelling, uncertainty quantification, Andean
volcanoes

1. Introduction

Volcanictephradispersal and depositiaepresent ahreat for nany human activities
sincetephramay havea huge impact on aviation andn alsadamage edifices, infrastructures
and vegetation when it accumulates on the ground, even in relatively small quantities. For this
reason, numerical models have mhadevelopedover the past decaddsr describing both
tephra rise into the eruptive column (plume modd®d/s) or its transport by wind advection
[tephra transport and dispersal model§ DM; Folch, 2013. Since describing in great detail
the physise of such phenomena requiresmplex 3-D multiphasemodels,it is useful for
operational purposes (e.golcanic ash tracking in real time or hazard maps production) to
rely on simplified modelswhich introduce reasonable physical assumptions. In doing so,
though computational timesmight be reduced approximations and uncertainties are
introduced in theihal results of the simulationklncertainties need to likereforequantified
in order tofacilitate decision makers irtaking both realtime and longerm informed
decisions With respect to numerical models, uncertainty quantification in literaturédwes
done: i) forPMs, by comparing modelled armbserved values of maximum plume heigrt
level of neutral buoyancygnd/orof the mass flow rate (in kg/s), as for instanc€&atch et al.
[2014 or Costa et al[2014; ii)) for TTDMs, by comparing modelled amdserved ground
deposit measurements (mass loadings in Rg/rand/or ash cloud measurements
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(concentrations in the atmosphere in kd/fie.g., Scollo et al, 2008 Costa et al. 2009
Bonasia et al.201Q Folch, 2013.

Theaim of the present studg thereforetwofold. Firstly, we presenta coupled version
of two different modelsi) a renewed version of PLUMKEOM, a simplified 1-D plume
model developed bgle'Michieli Vitturi et al.[2015, andii) the HYSPLIT mode[Stein et al.
2019, a Lagrangian TTDM developed by the National Oceanic and Atmospheric
Administration (NOAA) and currently used by several Volcanic Ash Advisory Centers
(VAACS) to track and forecast volcanic clou@econdlywe providea quantification of the
uncertainty of theoupled version of theseo modeldy testingsimulations results with data
of four different recent eruptions tfiree AndeanvolcanoeqFig. 1). These eruptionsere
produced byCotopaxi[2015 eruptionBernard et al, 20164 and Tungurahuf2006 eruption,
Eychenne et 312012 2013 eruptionParra et al, 2014 volcanoesn EcuadoyandPuyehue
Cordoén Caullevolcanic compleX 2011 eruptionPistolesi et al. 2013 in Chile. With this
new coupéd modelthe volcanic particlegransports simulatedhroughout the wholerocess
that is within the eruptivecolumn andthrough atmospheric dispersiorFurthermore the
uncertainty quantification represents an imporgaptect regardingazard maps production

In this article after describing the eruptions chosen for the uncertagimaytification
(section 2.1)we present the PLUMIMoM and HYSPLIT models as well as the coupling of
these two models (section22l). Then we present the input parameters used for the
simulations (Section 2.2) and we describthe strategy adopted forghguantification of the
uncertainty of theoupledmodel(Section 23). Results presented in Section 3 serve as a basis
for the discussion in Section 4 abale uncertainties related the input parameters aritie
numerical modelsind abouglso the effetiveness of these models when used for producing
tephra fallout hazard maps.

2. Background
2.1Eruptions selected

The four eruptions chosen faesting oursimulations cover a wide range of eruptive
styles gub-Plinian, violent strombolian vulcanian, hydrovdcanic to longlasting ash
emission), durations (from few hours uprwre than3 months) and magma compositions
(andesitic to rhyolitic/rhyodacitic)The criteriafor selectingthese eruptionswere i) the
location of the volcanoes in the same geodynamic context, igxiséence oboth detailed
chronologiesand meteorological dafar the eruptionsand iii) the availability of reasonably
well corstrained input parameters for the malel

2.1.1 Cotopaxi D15

The 2015 eruptionf Cotopaxi(C15 +Fig. 139 started with hydrongmatic explosions
on August 14 2015 which produced @-10 km-high eruptive columrmabove the crater and
moderateash falbut to the NW of the volcano. Then, it was followed by three and a half
months of moderate to low ash emissianth plumesreachingon average 2 km above the
crater and directed mostly to thest[Bernard et al, 2016a Gaunt et al. 2014.

The magmatic charger of the eruption increased through timg wasshown by
microtextural analysigGaunt et al. 2014 and ash/gageochemistryjHidalgo et al, 201§.
Throughfrequent sampling missions, the ash emission rate was calculated and correlated with
the eruptive trema and it decreasd during three emission phases following the conduit
opening[Bernard et al. 20163.

The falloutdepositwas characterized by very finegrained ash with mostly blocky
fragments and few vesicular scoffaaunt et al. 2014. The hydrothermal components were
dominant at the onset of the eruption but rapidly faded and were replaced by juvenile material
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[Gaunt et al. 2016. In totd, this eruptimn emitted ~1.2x10kg of ash and was characterized
as a VEI 12 [Bernard et al. 201634

2.1.2 Tungurahua 2013

According to Hidalgo et al.[2015, the eruptive phase X{T13) at Tungurahua
volcano(Fig. 13 started on July 42013 and lasted 23 days.vulcanian onset, interpreted
as the opening of a plugged conduit, was followed Iparoxysmwhich created a-14 km-
high eruptive columrjParra et al, 2014. The ash cloud created during this eruption was
divided into a high cloud (~8 km above the crater) moving north and an intermediate cloud
(~5 km above the crater) moving westdthat produced most of the ash fallpBarra et al,

20149. The eruption intensity dropped after this paroxysm but ash emission continued with a
secmdary increase between July™and 24 Finally the eruption stopped at the beginning
of August.

In total, this eruption emittee6.7x16 kg of falloutdepositg~2.9%10° kg for the first
day) and~5x10° kg of pyroclastic flondeposis (mosty duringthe first day)Garcia Moreng
2016 Parra et al, 20149.

Parra et al.[2016 performed numerical simulatisrof the vulcanian onset of this
eruption, which occurred onJuly 14" 2013, using the coupled WRFALL3D models
[Michalakes et a).2001 Folch et al, 2009. By comparing the mass loading between the
modeled valas and the observed ones at four sampling sites, the-ai®wened authors
derived a set of Eruptive Source Parameters (ESPs) useful for operational purposes in case of
vulcanian eruptions at Tungurahua volcano.

2.1.3 Tungurahua 2006

At Tungurahua volcan@Fig. 1a) a paroxysmal eruptiorfTO6) occurredon August
16" 2006, which was accompanied hegional tephra falloutand many scoria flowsand
surgeghat devastated the western half of the edifizeuillet et al, 2013 Hall et al, 2013.
This eruptionwas characterized by vigorous lava jetting and fountaining, adesived
eruption column reaching 18 km above the verjSteffke et al.201Q Eychenne et al.
2017, numerousPyroclastic Density Curren{¥DC9 descending the southern, western and
northern flanks of the volcandelfoun et al. 2009 Bernard et al. 2014, anda massive
blocky lava flow emplacing on the western flank while the explosive activity waned
[Samaniego et gl2011 Bernard et al. 2016H. At the climax of the eruptive event, after 3
hours of intense PDC formation, the veletrived ash plume developed into a-seltical and
sustained column for 50 ®0 minutegHall et al, 2013. The plume spread over the Inter
AndeanValley, west of the volcano, and reached the Pacific Ocean, leadingstastial
lapilli and ash fallouton the nearby communities and cities (e.g., Riobamba and Ambato)
locatedto the West. The intense PDC activity generateeriash) 10 kmhigh caPDC plumes
that spread over the same areas and deposited fine ash (<9E&Eychenne et gl.2012
Bernard et al. 20164.

In total, the whole August 2006 eruption produced 39.3+5°xf®f fallout deposit
(both ventderived and c&®DC derived) of which 24.9+3.3x1@g wererelated to the vent
derived fall[Bernard et al. 20168.

2.1.4 PuyehueCordon Caulle 2011

According toCollini et al.[2013, the PuyehueCordon Caulle 2011 eruption (PCC11
- Fig. 1b) started onJune4™ at 14:45 LT (18:45 UTC) with the opening afnew venZ km
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NNW from the main crater of the PuyehGerddn Caulle complex 3:H 34dQ0/ént +Fig.
1b). The eruptiveperiod,which involved mainly magma of rhyolitidiyodacitic composition
[Bonadonna et al.20154, lasted up to uhe 2012 [Jay et al, 2014 and comprised both
explosive and effusive activityTuffen et al. 2013. The main explosive phasevhich
dispersedmost of the tephra toward E and 3&sted approximatel}7-27 hours[Jay et al,
2014 Bonadonna et al2015H. During the firstthree daysf the eruption, theolumn rose
approximatelybetween9 and 12 km above venthen between 4 and 9 km during the
following week, and less than 6 km aftiune14™ [Bonadonna et al. 2015a Biondi et al,
2017.

During the eruptionthe masseruptionrate(MER) fluctuated between 2.8xiqduring
the first days) and less than 5%1@)/s afterJune ¥' [Bonadonna et al.2015H. Pistolesi et
al. [2015 subdivided the stratigraphic record in thirteen tephra Iaysamsmg?1 them, the first
unit (Unit 1, layers AF) represerd the tephra deposited between Jutfe5™. Unit | had a
total erupted mass of 4.5+1.0%1&g and wassubPlinian with a VEI of 4[Bonadonna et al.
20150. Bonadonna et al20154 calculated theotal grain size distribution (TGSD) of Unit |
in the range4 /11", using different datasets and metho@lse results indicaté a bimodal
distribution withthe two subpopulations(with modes at2” and 7”) separated by thd”
grain sizgBonadonna et /20153

Collini et al.[2013 performed numerical modellings of this eruption between Jtine 4
to June 28 using the abovenentioned WRFFALL3D code. The authors comparbdth the
column mass load (in ton/Knand ground deposit measuremebh&tween modeled and
observed values. With respect deposit thickness measuremertt®ey compared deposit
thicknesgsat 37locations,resulting in a besfit line on a computed versus observed graphs.
The PCC11 eruption was furthermore modeledMayti et al. [2017], who simulated the
eruption from June ¥ up to Jun 2% using the NMMB-MONARCH-ASH model and
compared the same parameters aSallini et al. [2013. For the ground measurements, they
provided comparisons between the simulated and observed isopach maps for both the Unit |
and othe eruptive units cited irPistolesi et al.[2015, finding a goodagreement between
modeled and observed data.

2.2Numerical modeling
2.2.1 Models used and coupling of the codes

For this work, the integral plume model PLUMEOM has been coupled with
HYSPLIT, one of the most extensively used atmospheric transport and dispersiels mod
the atmospheric sciences community.

Following the approach adoptedBursik[2001], 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 péenaad for radial
and crosswind air entrainment parameterized using two entrainment coefficients. In contrast
to previous works, in which the pyroclasts are partitioned into a finite numbensofrbthe
Krumbein scale, PLUMBVoM adops the method of moents to describe a continuous size
distribution of one or moreroup of particles (i.e. juveniles,lithics « . An uncertainty
guantification and a sensitivity analysis of the PLUMBM model were done by
de'Michieli Vitturi et al.[2016 by analyzing the distribution gflume heights obtained when
varying a series of input parameters (i.e. air radial/wind entrainment, exit velocity, exit
temperature, water fraction and wind intensififie abovementioned authorshowed that
plume height distributionvasthe widestwhen the parameters variggre theexit velocity,
exit temperature, water fraction and wind intensity. With respect to the sensda/itjichieli
Vitturi et al. [2016 showed that initial water fractionad the strongestinfluence on plume
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219 height determinatiori.e. the plume heightdecreasedby a factor of ~1.54vhenincreasing

220 watercontentfrom 1 to 5wt%).

221 HYSPLIT belongs to the family of Lagrangian Volcanic ash transport and dispersion
222 models, which have been used operationally since the mid 1990's by thatlateinCivil

223  Aviation Organization (ICAO) to provide ash forecast guidance. The model solves the
224  Lagrangiarequations of motiofior the horizontal transport of pollutar(iss. particles)while

225 vertical motion depends on the pollutant terminal vallocity. The dispersion of a pollutant
226 may EH GHVFULEHG XVLQJ WKUHH PDLQ W\ SHfV oRhydFi® QI LI X U I
227 3SDUWLEBBDUWUFXODUO\ LQ W Kpdliténxsldre deRaQdddb) pbabkétd dk Q
228 DVK SDUWLFOH¥g a3BoxzantalGausBiahdistribution of mass described ey

229 standard deviation. The puffsexpandwith atmospheric turbulenaatil they exceed the size

230 of the meteorological grid cell (either horizontally or vertically) and then split into several
231 new pffs, each withtheir respectivepollutant mass. In this workhe hybrid S SDUWLFOH SXI|I
232 configuration KDV EHHQ XVHG LQ ZKLFK WKH KRUL]JRQWDO SDF
233  distribution, while in the vertical themovelike 3D particles.This approach allows to use a
234 limited number of puffs to properly capture both the horizontal dispersion and the vertical
235 wind shearsWebley et al[2009 have evaluated the sensitivity of the model with respect to
236 the concentration of ash in the volcanic cloudew two parameters, TGSD and the vertical
237  distribution of ash, were variedhe sensitivity analysis was done with respect to a test case
238 eruption (Crater Peak/Mt. Spurr, Alaska, USA, 199Phey showedthat three different

239 TGSDshad little effect on themodeled ash cloud, while a uniform concentratainash

240 throughout the vertical eruptive columprovided results more similar to satellite
241 measurementd$-or this work,somemaodifications have been implemented in HYSPIalid

242 are described in Text S1 frometiSupporting Information.

243 In the present study we coupled the PLUHMIEBM and HYSPLIT modelsvith an ad

244  hoc Python scriptwhich computes for each grain size, from the output of the plume model,
245 themassratesreleased fronthe edges afhe plume at intervals of fixed heigland the mass

246 flow that reactesthe neutral buoyancy level. Then, the script assembles an input file where
247 the source locations for HYSPLIdre definedIn addition,it is employeda utility from the

248 HYSPLIT packagedo extract the wind profile at the vent, in orde providethis information

249 to the plume modelThis coupled model was used for all the studied eruptions, while for
250 some specific cases (i.e. thienulations for thd?CC11 eruption) walsoimplementedh best

251 fitting inverse version of this coupling, whiaetias based on the approach first described by
252  Connor and Connoj2006 and applied, amongthers, byBonasia et al[201( andCosta et

253 al. [2009. The parameters for wtth the inversionwasperformedand their range of variation

254  were identified first. We consideredhe massflow rate (in kg/s), the initial waterass

255 fraction (in wt%) and the particle shape facfvilson and Huangl1979 Riley et al, 2003.

256 We chosethese parameters because their uncertamaghigher and/othe modes weremore

257  sensitive to small variations of theffthe procedurevasaimed at minimizing th&? function
c

65L I S agF /. 240

258 where the sum is extended over Lgratigraphic sections used in the inversion are
259 weighting factors (in our case all are equal tpM) ,; denote the observed mass load (in
260 kg/m?) and MLy, arethe values predicted by the model (in k§ynThe values ofT? will be
261 then compared to the standard -@hdistribution ofN-p degrees of freedonwith p=3 the
262 number of fee parameters.

263

264 2.2.2Modellingfeaturesand input parameters
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We tested dur different types of meteorological dgfaDAS, NCEP/NCAR, ERA
Interim, ERAlInterim refined using WRF/AR\W see Text S1 from theSupporting
Information for details with various spatial and temporal resolutions (see T&dlan
Supporting Informatior), which correspond to the most widely used meteo data for studies
similar to ous.

All the HYSPLIT simulations were done using a 0.055 km) computational grid.
After the end of each emission tir(iee. the actual duration of the eruptipa)further amount
of 12 hourswas added to the simulation in order to allow finer particles to settle down.
Simulations were performed in a forwanday for all the four eruptionsHowever,a best
fitting inverse procedurésee Section 2.1) was performed for the PCC11 eruptibacause
the uncertainty in the tephra fallout total mass estimation was the highest among the four
chosen eruptions\ total of 600inversions were performed, corresponding @ Rversions
for each of the three meteo data employedaf@iveneruption(GDAS, NCEP/NCARand
ERA-Interim).

Eruption source parameterdESPs) wereestimated from earlier work®r the four
eruptionsandsome of them aresported in Tablel (the detailed list oparameters for each
eruption isavailable inTable € in Supporting information More specifically: a)the
computational grid dimension (i.e. the total span of the computationahin in degrees with
respect to the vent location) was defined in ordexotwtain allor the vast majority>95%) of
the erupted mass and teduce as muchs possible theomputationaltime; b) the initial
water content was assumad that oftypical mean value$or andesitic (for C15, T13 and
T06) or rhyolitic (for PCC11)magma, following Andujar et al.[2017] and Martel et al.

[2018 respectiely. For the inverse simulations $CC11 the initial water contentat each
iteration was sampledbetween6% and8% [Martel et al, 2018; c) Particles exit velocities

from the vent were assigned two different val{fedowing de'Michieli Vitturi et al, 2013
FRUUHVSRQGLQJ WR D 3ZHDN S0OXPHVWDWRH IS ORRIB F#DVH
PCC11);d) The heat capacity of volcanic particles was assumed with a fixed value of 1600
J/kgxK following Folch et al. [2014; €) The particles shape factawvas assumed with two
different values for andesitic magmas (C15, T13 and TO06) and for rhyolitic ones (PCC11)
following the results oRiley et al.[2003. For the inverse simulationsf the PCC11 eruption,

the particle shape factor valuaseach iterationvere sampledbetween 0.6 and O[Riley et

al., 2003; h) the prticledensity values were assumed to vary linearly betweenimO XHV !
and !,) specific oftwo grain sizes (; and ;) according tdBonadonna and Phillipf2003.
Values of I3, 1> "1, and ", were taken frontEychenne and Le Penng012 (C15/T13/T06)
andPistolesi et al[2015 (PCC11).For each eruption, all the other most relevant features of
input parameters adescribed below

For theCotopaxiC15 eruption, he simulations covered the whole eruptaturation
(14/08/2015- 30/11/2015) for a total of 108 days and 17 hottame heightyvalueswere
obtainedfrom Bernard et al.[20164d. With respect to the TGSD calculated Gaunt et al.
[2016 we also used several unpublished data (see Table S1 from the Supporting
Information). More specifically, a total of 33 sampiepresentative differenttimes during
the eruptionandfrom 4 stratigraphic sections were employed. The TGSD was ddrivach
weighted mean (with respect to different mass loading values) of single grain size
measurementdMER valuesused for the simulations were recalculated fi®aernard et al.
[20164 to obtain hourly values (see Tabl2 fEom the Supporting Information).

For the Tungurahual13 eruption, the simulationslso covered the whole eruption
duration (14/07/2013 +30/07/2013) for a total of 16 days and 12 howke considered
observed plume height measuremedntsn two sources: the ondy theWashington VAAC
using satellite measuremenggd those from observations made by the TungurstolEano
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Observatory (OVT)Similarly to the C15 eruption, the TGSD was obtairfiexin a weighted
mean (with respect to different mass loading values) of single grain size measurements.
Hourly values of MER were obtainedfom unpublished dataf thetotal mass deposited e
Choglontus samplingite at different intervalsT@ble S2 from the Supporting Information)

For theTungurahuarO6 eruption, te simulations covered 4 hours corresponding to
the climaticphases | and Il described khall et al. [2013. Plume heighg werederived from
Steffke et al[2010. An average value dhe MERwas initially derived from the total mass
deposité over this period gee Text S1 from the Supporting Information); successively,
hourly values of NER were determined after an iterative procedure aimed at obtaining
modeled output values of plume heightscdose as possible to observed datas iteration
was done separately for each meteo detb@. TGSD wasrecalculated from thaif Eychenne
et al. [2012 by removing the mass contributia@i the cePDC part §ee Text S1 bm the
Supporting Information).

Finally, for the PuyehueCordon CaullePCC11 eruptionthe simulationcovered the
initial part of the eruption corresponding to the emplacement of URistolesi et al. 2015
for a total of 24 hours. Daily averageplume heighd and MERs from Bonadonna et al.
[2015 were employed along with a TGSD calculation frBonadonna et al[20154. For
the inverse simulations, tHdER was sampled between two valud€°(”® and 10°*°kg/s),
which gave the minimum and maximuntotal mass values provided tBonadonna et al.
[20150 and reported also in Tabl §Supporting Informatiohn

2.3 Uncertainty quantification procedure

We quantified the uncertainty ofhe couplednumerical modeby compamg modeled
and observedalues of key parameters of batle PM and theT TDM.

With respect to thePM, we comparedthe plume height (in meters above vent)
observed against the corresponding valuéghatsame timgor at the closest measurement
available)given by the modelln this case it is important te@membeitthat plume heighin
PLUME-MoM is obtainedas output valuesing a fixed MER.

Forthe TTDM, we compare ground deposit measuremeatsdwe adopted apecific
approachin order to properly address uncertainty quantificatidme results of the
simulations were used to compaaeeach stratigraphic sectipabserved and modeled values
of mass loadin@ndgrain size, the latter oneharacterized b¥d ” and " [Folk and Ward
1957. For mass loading/e usehereafterWKH Q RIWIWNVRQRD GLQJ  Z&KeFK FRUL
the difference between the computed and the observed values of mass (wakigig?). In
the corresponding graphs (Figs. 3b, 4b, 5b and 8byass loading values (for each
simulation) and observed mass loadings are reported for each séctomplete list of the
stratigraphic sectionsmployedis available in Tabl&3from the Supportinghformation.We
considered alsthe direction of the main elongation axis of thepositby comparingsomass
maps constructefilom field data andhosegiven by themodel With respect to mass loading
values additional parameters were also calculated to quantify the uncertainty of the model,
which were 1) the abovementionedT? function (see Section 2.1), which was normalized
(for each eruption) by dividing it with the mean values of mass loading measutedfield
(MML); 2) the percentageof sections for which there was an overestimation and
underestimation; 3) thmeanoverestimatio{MO) and themeanunderestimatiofMU),
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358 where N and N, are the number of sections with overestimation and underestimation
359 respectively 4) the respectiveratios of MO and MU with the mean mass loadingalues
360 (MML) measured in the field

361 With thesefour parametershe aim was to defindor each eruption and each meteo
362 data, 1)the discrepancy between the observed data and the m@d#MML = the
363 normalization allows to compare? Trom different eruptions 2) whether the model tends
364 mostly to overestimateor underestimatethe observeddata (% of sections under or
365 overestimated) 3) the quantification of, respectively, thabsolute model mean
366 underestimatior(MU) and meanoverestimationMO) and 4) how importantare MO and
367 MU with respect to the mean values of mass loading measuitheé iireld (MO/MML and
368 MU/MML ratios). Regarding the grain size datastead, the modeled valuesM@l ” or «”
369 were plotted as a function of the observed vahtespecific stratigraphic sectignandthe
370 distribution of thedatarelative to a perfect fline wasdiscussed

371 3. Results

372 For all the eruptiors, Fig. 2 describes the stratigraphic sections used for uncertainty
373  quantification,Figs. 3-6 provide the results of each comparison, while TablBss@mmarize

374  the values calculated for each uncertainty quantificat@mplementary data given the

375  Supporting Informatiorare the output valuegplume heighd, mass loading Md” and «”

376  values Tables $4-S7) andthe simulation outputs in PDIFigures S1S16.

377
378 3.1Cotopaxi 2015
379 For the C15 eruption, a total of 35 mass loading measurerfstsBernard et al,

380 20164 and 4 grain size analys@snpublished and fronGaunt et al. 201§ were used for
381 comparison with our model (Fig. 2a).

382

383 For each meteo condition and for the values of MER considg@iathe heights
384 comparison(Fig. 3a) shows that PLUME-MoM results are generally lower than those
385 obtained by inverting seismic signal from satellitévideo cameramages though the model
386 data mimic the patterns observationsThe difference between observed and modeled values
387 (Table2) is 435480 m for the seismic signand video camera imagegile it is ~1300
388 1400 m for the satlite measurement®Ve note, however, a fewkeeptiors. For the seismic
389 derived dataexceptionsare the days around the #3of September, where modeled plume
390 heights are systematically higher thanitiferredones In contrast Fig. 3a shows that there is
391 a very goodcorrelation between modeled and observed plume heights estifratedideo
392 recordingdor the first phase of the eruption (August and beginning of September)

393 Ground depositglata showa differenceof about 15°20° betweenthe directions of
394 modeled and observemhain dispersal axes (Fig2a and 3b). Notice thatthe deposits
395 simulated despite in extremely low quantitiése. 10%-10* kg/n") at more distal locations
396 are spread all over the computational domain Egs. S1 to S3)Mass loading datahow
397 that the simulationsinderestimate field observations at locationshim main dispersal axes
398 (Fig. 3b). Notice that the two sections along the main dispersal @witts the highest
399 underestimation@BBNAS and PNC 4 s#ions, see Table S3 from the Supporting Information)
400 have observed mass loading values of, respectively, 18 and 1% kpyrthese two sections,
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which are very proximal (~5 and ~7 km from the vent respectively) the model predicts very
low deposition (<kg/n? for all the simulations)The TYMML values(Table 2)show thathe
differences between model and observed values are relativelyat@vhe modelgenerally
underestimatethe observed valu€57% to 77%of the fieldsectionsare underestimat@dAn
area of model underestimation might be recognized close to the vent area along the main
dispersal axes for all the simulations (see Figure S17 from the Supporting InformBtien).
MO and MU values (and also the MO/MML and MU/MML ratiosare similarfor the
different meteo dataand for all the caseswith a higher value of MUand MU/MML (for
simulations done using the NCEP/NCARd the ERAInterim meteo data).

The grain size dataare scarce but weote that thecomputedMd ” values arealmost
alwaysshifted toward coarsesizes (Fig.3c) and thathe «” valuesshowthat the sorting of
the computed deposit is much smaller with respect to re&ligy 3d). Both computedvid ”
and ¢ ” show nearlyconstanwaluesfor a givensectionbut with different meteo data

3.2Tungurahua 2013

For the T13 eruption, a total 48 mass loading measuremefspublished and from
Parra et al, 2014 and 29 grain sizeanalysegunpublished and frorRarra et al, 2014 were
used for the comparison (Figb).

The plume heiglst comparison(Fig. 4a) shows thatall the simulations markdy
underestimat¢he observations reportém both sourcesThe mearntifference isabout-2.1
km to -2.2 km (Table 3). The difference of deposit main dispersal aikesmallsince the
simulations done using GDAS and ERwterim data are almost coincident with respect to
field data while the NCAR simulation is only 8° shifted toward the (EWys.2b and4b).

The observed values of mass loading (Fig. 4b and Table S3 from the Supporting
Information) are all <3 kg/fa similarly with respect to the C15 eruption for the two sections
along the main dispersal axe3af Pedro de Sabanag and 12 de Octubre, Table S3 from the
Supporting Information)Mass loading differences have a small spread highlighted by low
T?/MML values (Table3). Thisis alsoshown bythe absolute differences (MO and MU)
which are also almost identical despite the modeldémduinderestimatéield data at most
sections For the T13 eruption, the distribution of sections with overestimation and
underestimation does not highlightomogeneousareas of model overestimation or
underestimation (see Fig. S18 from the Supporting Informatlanjable 3 the MO/MML
and MU/MML ratos havebothvalues<l, indicating that the difference in mass loading value
Is less important than the average deposit value of mass loadifig. 4b, the mass loading
differences with respect to the observed data are equally positive (overestimatieggtive
(underestimationin proximity of the main dispersal axegithout a clear prevalence.

Grain size comparison highlights that, similarly to the C15 eruption, most of the
computed grain sizes are shifted towaohstantcoarser grained values (Mdsee Fig4c)
with a smallerand fairly constansorting for much of the sectiong? {, see Fig4d). Notice,
however, that some simulation sorting values ateng the perfect fit line (mostly
NCEP/NCAR simulation)r are everarger than the observed on€&80AS and the ERA
Interim simulations)

3.3Tungurahua 2006

For the TO6 eruption, a total of 48 mass loading measurerfigytbenne et §l2013
and 22grain sizeanalysegrecalculated fronitychenne et gl2012, see also Text S1 from the
Supporting Informatiohwere used for the comparison (Faz).
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Fig. 5a shows that th@lume heights simulategire closeo observed dafaxcept for
the NCEP/NCAR model. fie ERA-Interim/WRF model, in particular, mvides alow mean
overestimatiorof about400 m (Table4). Notice that thissimulationwas characterizedy a
fairly low T?value although higher with respect to the parent ElR#rim simulation(Table
4). This differences due to the iterative procedure described in Section 2.4, which allowed
finding the hourly values dfIERs that minimizedhe differencesn plume heighd. Another
combination of MERs wasnstead used or the other three meteorological dts
Differences in deposit main dispersal aaes the highest of the four studied eruptions and are
up toabout40° toward $uth(see ERAInterim meteo in Fig2c and5b).

With respect to mass loading, thMML values(Table4) highlight arelatively high
spread of the data, which is alsdlectedin the MO and MU valuedn this case, it could be
consideredhat most of the sections with underestimation are concentrated in proximity of the
main dispersal axis highlighted by field data (Fig. SNptice that theNCEP/NCAR provides
the highest valus of overestimation (MO = &57, MO/MML = 7.68. Moreover,the TO6
eruption isone of the twacass, among the studied ones, where one simulation gives more
sections with overestimatiothan sections with underestimation (ERAterim/WRF, see
Table 4). Considering the spatial distribution of sections with overestimation and
underestimatiorfsee Fig. S19 from the Supporting Informatiaimena homogeneous area of
model overestimation might be identified in the proximity of the vent area along the main
dispersal axe (see Fig. S19 from the Supporting InformatioRigure 5b highlights an
interesting pattern for all the sectiosigice the difference imass loading terstko increase
approaching the main dispersal axmghich is particularly evident for the GDAS and the
NCEP/NCARsimulations

The grain size data showfarly well defined trend oMd ” values whichare close to
the perfect fit lingFig. 5¢). The modelsortingvalues are instead mostly shifted toward lower
values but define trendsimicking thatof the perfect fit lingFig. 5d).

3.4PuyehueCordoén Caulle 2011

For the PCC11 eruption, a total of 75 mass loading measurementgl gnair? size
analysegBonadonna et al.2015a Pistolesi etal., 2015; unpublishddwere used for the
comparison (Fig2d). For the mass loadings, the thickness dataisiolesi et al[2015 were
multiplied by the bulk deposit density value of 560 k{frapored in Bonadonna et al.
[20154 for Unit I, in order to obtain kg/fvalues.Daily average plume heights a.s.l. reported
in Bonadonna et a[2015f KDYH EHHQ FRQYHUWH Ges iyWuBtradiiiikRr YH YHQ
vent elevation reported Bonadonna et a[2015 (1470 m a.s.l.).

For this eruption,lte simulationggenerallyoverestimateghe plume heights observed,
which are lowered withthe inverse procedur@ee Tableb, Fig. 6a). The simulated eposit
main dispersal axeare all shifted toward theo®th by5-10° with respect to the field data
(Figs.2d and6b).

For the mass loadingmost of the TYMML valuesare the highestamong all the
simulations with valuesup to 22.12 (ERA-Interim) (Table 5). MO ard MU valuesare
respectively>100 kg/nf and from-18 kg/m? up to-54 kg/m?. The MO/MML and MU/MML
ratiosindicate anyway that mean overestimatior8 i® 6 times higher than MML and that
mean underestimation is30to 1 times higher than MMLAs for the other eruptionghe
percentag®f sections with overestimatiaa lower than that withunderestimationexcept for
the simulation done with the GDAS meteo data (Tabl&®m Fig. S20 from the Supporting
Information, the distribution of the sions with overestimatioar underestimation highlights
ahomogeneous area of model overestimation locatetD3m from vent area along the main
dispersal axesThe correlation between high values of mass loading overestimation and the
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position of themain dispersal axi@igure6b) is evidentonly for the simulatiomdone with the
ERA-Interim meteorological dataFor the other simulationgnstead, the sections with the
highestdifferencesare uncorrelated with respect to tpesition of themain disperal axis
given by the modellt is also important to underline that in this case ,at®wtions with
highest values of observed mass loadings are not correlated with the deposit main dispersal
axisgiven by field data, a pattern that is confirmed also kysimulations (see Fig. 6bl)his
latter feature might be correlated with the progressive anticlockwise rotation of the ash cloud,
a pattern already discussed Bjystolesi et al.[2015 and Bonadonna et al[20154. To
confirm this, we have also performed a more detailed analysis usitigesateagesto track
the evolution of the ash cloud during the-@B/06/2011 details about this method are
reported in Text S1 from the Supporting Informatidhe sequence of imageterived (Figure
S21 from the Supporting Informatioehow thatat the onset of the eruption tieéoud drifted
southwestwardly 30°), but as time passedhe cloudrapidly movedtowards theeast,
reachingl05° This compares with the main dispersal axis assessed from the field deposits
integrated over the whole Uni{layers AF) ard yielding a mean direction 4fL7. However,
the maximum mass loading of deposits have been recorded at much higher angles, lying
between 13A.35° (Figure 6). This actually correlates with ash emissions occurring at the
onset of the erupin, where the ashch plumemight haveproduced rapid and en masse
fallouts along the main ash cloud dispersal acesiteredat 130° (Figure 31 from the
Supporting Information This is supported by mass loading values of the deposits, which are
very hich on the dispersal axis (green dots in Figu2é) Sranging from 48.6kg/n? close to
the vent(section n° 57, Table S3 from the Supporting Informatton)60 kg/m at a greater
distance. By contrast, the mass loading of samples located away from threadisges (red
dots in Figure 31), shows much lower values of about 5.6 Kg/aithough being close to the
vent. Interestingly sectionn® 57 is also the onehat tends to have the highest value of
underestimations (up td00 kg/n?).

Regardingthe grainsize datathe Md” valuesare sprea@n both sides of the perfect
fit line (Fig. 6¢). The NCEP/NCARsimulations(both direct and inversegnd to givefiner
grained values with respect to the observed ddta.sortingdatatend todefinetwo trends of
constant value®f ” ~0.5 and~2, and somemodel sorting valuesare higher than the
observed oneg¢Fig. 6d). An important remark for the modeled grain sizes of the PCC11
eruption is that none of them show dmynodaldistributionin contrast to thebserved data
This is particularly evident for the aboweentioned section n° 57, which does not have
bimodality and which has an Mdshifted toward more coarsgrained values.

4. Discussion
4.1 Uncertainty in the input parameters

A significant amount of uncertainty in the simulationsay derive from the
meteorological data employeAs also shown by other studigs.g. Devenish et al.2012
Webster et a).2013, even small errors in the wind liiecan lead to large errors in the ash
concentration, making thereforepaintby-point comparisorof modelled with observed data
a challenging taskThe dataetswe consideredire amongthe most widely used in similar
numerical modelling$e.g., Webley et a).2009 Bonasia et al.2012 Folch, 2012 Costa et
al., 2014: moreover,t has also been usekde mesoscale meteorological model WRF/ARW,
which has been coupled wittther TTDMs in similar works[e.g. FALL3D, Poret etal.,
2017. From our results, it is not evident that a particular meteorological dataset provides
systematicallythe best resultgor instance, the GDAS daitet provides the worst results (in
terms of both th@?and the MGMU values) for thdower magnitudeéc15 and T13 eruptions,
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while it provides the bestesults for the TO6 and PCCgtuptions The NCEP/NCAR dataset
showsthe oppositas theresultsarebetterfor the C15 and T18ruptionswith respect to TO6

and PCC11The employment of th&/RF/ARW model(seealsoText S1 from the Supporting
Information) did notresult in a significant improvement of the resalésit gavenstead higher
T?/MML values with respect to the parefRA-Interim meteorological file §ee Tabled),
although for some other models the employment of the WRF/ARW model gave better results
[Parra et al, 2014. Given the high computational times necessary to process original meteo
data, he refinement procedurasing WRF/ARWwas not aplied o other longer eruptions

The meteorological data have a considerable effect on the direction of main advection of the
volcanic particles, whichcontrols the deposit main dispersal axis direction. This is
particularly evident for the TO6 eruption, wher&eatiences with respect the observedaxis

areup to 40°. Two main reasons for such differenceg be invoked: i)the meteorological

data are built in a way such that thesirameters remain constant for relatively long periods (3

to 6 hours) and for quite large areas (0.75°x0.75° up to 2.5°x2.5°), and within such temporal
frames and spatial domains it is not possible to capture the variability of natural phenomena;
i) 4-dimensionameteorological files (especially Reanalysis products) might be less accurate
over complex terrains (e.g. the Anddsy), which the details of the atmospheric flave less

likely captured and there are not a lot of observations availBhie coud be the case for the

TO6 and T13eruptiors, where the rugged topography of the area surrounding the Tungurahua
volcano could have caused secondary atmospheric effects not recorded inetireloggtal

files.

A common problenwith eruption source parametdssthe measurements of plume
height For instance,for the C15 eruptionBernard et al.[20164d used three different
methodologies for plume heighastimates ifversion of seismic signals/ideo cameras
observationsand satellite measurementsvhich gave sometimes very different valsse
Fig. 3a) For the TO6 eruptionSteffke et al[201( used twodifferent methodsof satellite
observationsTherefore it is not surprising that differences in measurements at the same time
canbe importantThe uncertaintyn plume heights also highfor the T13 eruptionfor which
two differentmethods(satellite measurements and visual observations) haveenegioyel,
and for the PCC1legruptionas well,for which only daily mean values of plume height have
been reported

Mass loading valueg®r the C15,T13 and TO6eruptions have been actuatheasured
for each section (witlvarious methods but for the PCC11they have beerdeterminedby
multiplying thedepositthicknessby a mean bulk deposit density val{see Section 3.4 his
latter aspects critical sincedensityof tephra fall depositsnay vary considerably owing to
drastic density change between differpatticle sizede.g., Bonadonna and Phillips2003
Eychenne and Le Penne2012 Pistolesi et al. 2013. This is particularly importantof the
PCC11leruption that hashe highestTYMML values(see Table5), which might alsobe
related to an uncertainty in the observed mass loading\Watalso stress th#teassumption
of a linear variation of particlelensity with grain size(employed in PLUMEMoM) is a
simplification sincethe density variationmay be more complexi.e sigmoidal rather than
linear as for the TO6 eruptiokychenne and LBenne¢2014. Compared to other sources of
uncertainty however the simplification used in the simulatiorssexpected to hava minor
effect on the final results.

Finally, it is important to remark th#étere are alsoncertainties in estintimns of the
initial water mass fraction in magmashis is dueprimarily to theuseof different methods
[e.g., by direct measurements, geptal inference, thermodynamic calculation or
experimental approaches, s€emens 1984, among which the direct measurement from
melt inclusions in crystalare the most usefsee for exampldlank et al, 2013. As a
comparison, fothis studywe relied onestimates madeoth using direct measurements from
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melt inclusionsand experimental approachégslartel et al, 201§ or consideringonly
experimental approach@andujar et al, 2017: resultsgave HO wt. % ranging between-6
wt. % and 68 wt. .% for andesites and rhyolites respectivélgthewater mass fractiohas a
strong influenceon theplume heightsimulated withPLUME-MoM [see section 2.2.1 and
alsode'Michieli Vitturi et al, 201§, its careful estimation ithereforeof primary importance.

4.2 Uncertainty in the numerical modelling

When MER values obtained from total deposieasurementsre used as input
parametersPLUME-MoM underestimats the plume height measurementéor three out of
four eruptions teste@nd there may be two main reasons for.tRast, @& already discussed
in the previous sectiorihe measurementare in some specific casescertain Second, the
mass eruption rate, assumed to be equedddotal mass of deposit divided with teiption
duration, may be underestimated in some cases (e.g. theertipion since deposits of
pyroclastic density currents are neglected, hence giving lower plume heights. We note,
however thatthe mearunderestimationand mean overestimations aslivef the modefor
each eruptiorare lower with respect to thencertaintyin observed datamong different
methods and thain some cases (e.g. the TO6 eruption) the refinement of the meteorological
datausing the WRF/ARW modetan sensibly reduce the difference in plume height with
respect to observed data.

The PLUMEMOM/HYSPLIT model tend generally to have more points
underestimating thenass loading datésee Table® to 5). However, if the absolute mean
differences (MO and MYand their ratios with mean values of mass loading (MO/MML and
MU/MML) are consideredhenmodel overestimation is systematically higher with respect to
underestimationFor example, for the PCC11 eruption and for the simulation done using the
ERA-Interim data, MO is almost 10 times higher than MU (T&)leThe high values of MO
or MU and of their ratios with MML ten@lsoto be higher for higher magnitude eruptions
(eg. TO6 and PCC11)in this regardthe inverse procedure reduces considerahly
discrepancy between modeled and observed data as indfoatedtanceby the TYMML
valuefor the PCC11 eruption

The problem of modeuncertainty is further illustrated by the difference nmrass
loading with respect to the orientation of the stratigraphic section (Bhggb, 5b and6b).
There argwo opposite situationsincethe deposit main dispersal axis coinciggberwith
the lowest values o#tmass loading (highest underestimatiery. C15 eruptionFig. 3b) or
with the highestvalues of 4mass loading (highest overestimatidi®6 eruption Fig. 7b, and
to a lesser exteritl3 and PCC1gruptions).This maybe explained considering tlaevective
and diffusive parts of the transp@dquationused[Folch, 2013. While the mass seeso be
correctly advecteth the simulationgalthough withsomedeviation with respect tobserved
data), the equations of HYSPLIT related to turbulent diffusion do not appear to work
efficiently, underestimating the horizontal diffusion and concentrating the mass cltse to
main dispersal axis of advectioA. similar issue has been also encounteredHhyst and
Davis [2017]. This may explain the abovementionedmass loading underestimation or
overestimationwhich are possibly increased the fact thatthe HYSPLIT modeldoes not
account forcomplex collective settling mechanisms of volcanic eatised byaggregation,
gravitational instabilities, diffusive convection, partigarticle interactions and wala@pture
effects[Del Bello et al, 2017 Gouhier et al. 2019. However, the problem of the effect of
diffusion on volcanic plumes dispersal and therefore on particle sedimentation is complex
[see for exampleDevenish et al.2013: a more rigoous study is therefore needed for
HYSPLIT to investigate the influence of different available diffusion equations on final
results.
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645 The failure to take into accoustuch mechanissiimplies that thesimulatedfinest

646 grained particles are transported much further that in re&dyinstancethe C15 eruption

647 has a particularlyfine-grained TGSD [due also to its hydrovolcanic natuigernard et al.

648 20164 (see Table 3from the Supporting Informatigrso thatthe mass is transported all over
649 the computational domain (see Fi§d. to S3 from the Supporting Informatioithe case of

650 the PCC11 eruptiors similar sincahe TGSDis up to 12, and an estimated amount &%

651 of the erupted mass is transported out of the computational domain. While for this eruption
652 the finestfraction of thevolcanicclouds circumvented the Southdiemisphereand pased

653 over the South of AustralifgCollini et al,, 2013, it is possible that part of the fine adhl not

654 deposit(see also théssue ofgrain size analyses in the following paragraph)this context

655 the transport of materi@lould have beeat its maximum along the main dispersal axes, and
656 therefore the degree afnderestimation ofmass loading aproximalmedial sites along

657 dispersal axes maximized as well.

658 Regarding the simulategrain sizedata,the Md” values are systematically coarse
659 grained forthe C15 and T18w magnitude eruptions while they agthercoarse-grainedor

660 finer-grainedfor the PCC1lZkruption The shifting toward coarsgrained Md’ valuescanbe

661 explained by the fact thatHYSPLIT neglectsthe abovementioned collective settling
662 mechanisms of volcanic ash. For the eruptions whereathount of fine ash is higher (the
663 C15, T13 eruptions and partially the PCC11 otieg fine ash is transportetistally, hence

664 causing coarser grain sizes in proximal to medial sectdareover, the model is not capable
665 of reproducing the bimodality @frain size distribution observeasfor instancan the PCC11

666 eruption.The «” comparisons show that, instead, for moasesthe modeled data tend to
667 have a lower sorting value with respect to the observed diese results show théte

668 employment ofgrain sizedata for model validations less reliablewith respect to mass
669 loadingdata

670 Four important issues should be considered to imprave coupled PLUME-

671 MoM/HYSPLIT modelin the context otephra fallout hazard assessments and probabilistic
672 hazard maps productiofirst, the meteorological dataset must be considered carefully since
673 it controls strongly th@lume heightSecondthe amount of fin@shand the duration of the
674 eruption seento be more critical than the magnitude of the eruption for mass loading
675 calculationssince thesimulationsof higher magnitude eruptiorts short duratiorwith lower

676 wt% of fine particles (i.e. TO6 eruptiomre nore accurate thamsimulationsof lower

677 magnitudeeruptionswith longer durations and a higher amount of fifies. the C15 and
678 T13).If the magnitudethe amount of fine particleand the duration of the erupti@me high

679 (i.e. the PCC11 eruptionfhenthe modetendsto overestimat¢he natural datalhird, for the

680 abovementioned reasons, we recommencnoploy PLUMEMOM/HYSPLIT in its present

681 configuration for the production of hazard maps relatetigber magnitude eruptions (i.e.
682 subPlinian orPlinian). This issupported by our simulations sticheruptions(i.e. TO6 and

683 PCC11),for which overestimation is much higher (in terms of medosolutevalues) with

684 respect to underestimatiomhis latter pointis important in a context diazard assesant

685 sinceunderestimatiomnay be considered as less accepttida overestimatiorMoreover, it

686 is alsoimportant to remind that: egpecifically for our test eruptions, the lower magnitude
687 ones tend to have longer durations and are more difficult to model due t@rihdigh

688 variability of both the eruptiparametersand atmospheric conditionghichare less likely

689 to be capturedb) the TO6 and PCC11 eruptions are those for which modeled and observed
690 plume heights are more simil&ourth, the MO/MML and MU/MML ratios may be used to
691 account for model uncertainty and to serve as a basis for calculating coefficients that allow the
692 creation of probabilistic maps (from the point of view of mass loading) that quantify the
693 model mean overestimation and underestimatféor. this purpose, statistical techniques
694 mightbe employed to correct the model sfimating its deviance from tlabserved data.
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5. Conclusions

This papempresens the coupling of the PLUMBMoM model witha renewed version
of the HYSPLIT tephra dispersal mod&hese two coupled models have been tested against
four eruptions of different magnitus@nd styls from threeAndeanvolcanoesA procedure
of uncertainty quantification has been applied by computieglifferencedetween modeled
and observed dataf plume height, mass loadirand grain siz€in terms ofMd ” and « ).
Four different meteorological dataset§GDAS, NCAR/NCEP, ERAnNterim, ERA
Interim+WRF)have been tested as wdlhe rmain conclusionsand future perspectives this
uncertainty quantification are:

x None of the meteorological datasets tested produced systematicdisthesults
for all the eruptions This implies that if a specific dataset is employéalr
numerical modellingits uncertaintygsquantifiedhere) should be considered.

x The PLUMEMoM modeltendsto underestimate measured plume heigéxsept
for the eruption withthe highest magnitude tested (i.e. PCCl1lThough
underestimatiormight be related to uncertainties in plume height measurements
and input data (e.g. mass eruption rate and initial water mass fragt®mote
thatfor most of the casese investigatedhe mean underestimations of the model
for each eruptiomverelower with respect to the uncertainty in observed data.

x The PLUMEMOM/HYSPLIT model tends generally to have more points
underestimating the mass loading dath absolute mean differences are
consdered however, then overestimation isalmost always higher than
underestimation. The distribution of sections with overestimation and
underestimation does not highlighystematicallyhomogeneous areas of either
overestimation or underestimation.

X The advective part of the HYSPLIT modappears to work more efficientthan
the diffusive part Moreover, thdailure to take into accouriny collective settling
mechanisms of volcanic ash in HYSPLIT migtduseimportant discrepancies
between observed andodeled data of mass loadimgd, above allgrain size
distributions.

x For the abovenentioned reasonbjgh amouns of fine particles might reduce the
accuracy of the model whesmulatingmass loading and grain size data.

x If the PLUMEMoOM/HYSPLIT model is meant to be employed for hazard
assesment purposes, we recommend considehiglp magnitude eruptions (i.e.
sub-Plinian or Plinian)gs target caseand mass loading as primary parameter

x Future developments of thigoject should consider the comparison of simulations
outputs with those from other models, in order to identify which model is best
suited for a specific eruption type
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Data supporting the analyseand conclusionpresented in this studgould be found irna
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FIGURE CAPTIONS

Figure 1. Geographical locations of a) Cotopaxi and Tungurahua volcanoes in Ecuador and b)
PuyehueCorddn Caulle volcanic complex in Chiléoordinates are in the UTM WGS84 17S

(a) and UTM WGS84 19S (b) systems. Basemap copyright of ESRI®, DigitalGleb&yé,
Earthstar GeographicENES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User
Community

Figure 2. Stratigraphic sections used for uncertainty quantification (considering only mass
loading or both mass loading and grain size) and dispersal axes from field data/simulations
with different meteo data for: a) Cotopaxi C15 eruption; b) Tungurahua T13ogrupj
Tungurahua TO6 eruption; d) Puyeh@erdon Caulle PCC11 eruption. Digital Elevation
Model (30 m resolution) from Marc Souris, IRD @ and ESRI USGS, NOAA (d).
Coordinates are in UTM WGS84 17Sdprand UTM WGS84 19S (d).

Figure 3. CotopaxiC15eruption. Comparison @) column height (observed and computed);
b) 4mass loadindleft axis) and observed mass loading (right afasdifferent sections with
respect to their orientation from North; c) Mand d) « " (computed and observed).

Figure 4. Tungurahua T13 eruptiom) Column height (observed and computed)4lmhass
loading(left axis) and observed mass loading (right afas)ifferent sections with respect to
their orientation from Northc) Md” and d) « ” (computed and observed).
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Figure 5. Tungurahua T06 eruptiom) column height (observed and computed);4dhass

loading(left axis) and observed mass loading (right afas)ifferent sections with respect to

their orientation from Northc) Md” and d) » ” (computed and observed).

Figure 6. PuyehueCordon Caulle PCC11 eruptiona) Column height (observed and

modeled); b)4mass loadindleft axis) and observed mass loading (right afas)different

sections with respect to their orientation from Nprth Md” and d) «” (computed and

observed).
TABLES
Eruption Computational Ivrx;gltzlr Paét)l((i:tles Heat Particles | |
H H H H ” -1 ” -2
name grid d|?2)en5|on content | velocity &?Ea)f%/ E:;g? Y (kgim®) | 2| (kg/m?)
Wt%) | (m/s) 9
Cotopaxi
2015 5x5 5.5% 135 1600 0.75 -1 1487 2 2478
(C15)
Tungurahua
2013 6x6 5.5% 135 1600 0.75 -1 1487 2 2478
(T13)
Tungurahua
2006 6x6 5.5% 275 1600 0.75 -1 1487 2 2478
(TO6)
Puyehue
Corddn
Caulle 2011 10x 10 7.0% 275 1600 0.65 -4 500 5 2670
(PCC11)

Table 1.Main inputparameters used for the simulations.

Parameters Meteo Data -
GDAS | NCEP/NCAR | ERA-Interim
PLUME-MoM
Mean Difference seismic (m) -479.02 -443.75 -454.83
Mean Difference video (m) -466.24 -434.99 -443.23
Mean Difference satellite (m) -1449.64 -1405.96 -1366.64
HYSPLIT
T2 MML 1.00 0.85 0.93
% Section Overestimation 42.9% 25.7% 22.9%
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% Section Underestimation 57.1% 74.3% 77.1%
MO (kg/m?) 0.47 0.09 0.25
MU (kg/m?) -3.04 -2.66 -2.60
MO/MML 0.21 0.04 0.11
MU/MML --1.37 -1.20 -1.18

Table 2.Valuescalculated for the uncertainty quantification for the C15 eruption.

Parameters Meteo Data -
GDAS | NCEP/NCAR | ERA-Interim
PLUME-MoM
Mean Difference(m) | -2202.05 | -2113.75 | -2132.03
HYSPLIT

T’ /MML 0.71 1.02 1.49
% Section Overestimation 29.2% 33. 35.%%
% Section Underestimation 70.8% 66.70 64.6%
MO (kg/m?) 0.15 0.38 0.40
MU (kg/m?) -0.47 -0.34 -0.37
MO/MML 0.28 0.75 0.77
MU/MML -0.92 -0.67 -0.73

Table 3.Values calculated for the uncertainty quantification for the T13 eruption.

Parameters Meteo Data - -
GDAS | NCEP/NCAR | ERA-Interim | ERA-Interim /WRF
PLUME-MoM
Mean Difference(m) | -718.67 | -3752.59 | 122572 | 404.74
HYSPLIT

T’ /MML 5.41 19.67 1.78 4.59

% Section Overestimation 39.5% 44.2% 27.9% 55.8%
% Section Underestimation 60.5% 55.8% 72.1% 44.2%
MO (kg/m?) 23.96 62.57 15.64 19.73

MU (kg/m?) -3.32 -2.74 -4.40 -2.88
MO/MML 2.94 7.68 1.92 2.42
MU/MML -0.41 -0.34 -0.54 -0.35

Table 4.Values calculated for the uncertainty quantification for the TO6 eruption.

Meteo Data
Parameters GDAS NCEP/NCAR ERA— . GDA_S NQEP/N.CAR ERA—Intgnm
Interim (inversion) (inversion) (inversion)
PLUME-MoM
Mean E)r;gerence 296.11 71.79 182.06 | 19551 -84.86 33.27
HYSPLIT
TZIMML 17.05 9.69 22.12 11.73 8.08 7.08
- .
% Section 50.7% 30.7% 34.7% 48.0% 32.0% 38.7%
Overestimation
- .
% Section 49.3% 69.3% 65.3% 52.0% 68.0% 61.3%
Underestimation
MO (kg/m?) 165.27 227.60 309.99 133.10 184.06 156.82
MU (kg/m?) 53.93 1557 31.94 50.57 18.72 36.37
MO/MML 3.15 4.34 5.91 2.54 3.51 2.99
MU/MML 1.03 -0.30 -0.61 -0.96 -0.36 -0.69

Table 5.Values calculated for the uncertainty quantification for the PCC11 eruption.
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