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Eruptive columnmodels are powerful tools for investigating the transport of volcanic gas and ash, reconstructing
past explosive eruptions, and simulating future hazards. However, the evaluation of these models is challenging
as it requires independent estimates of themainmodel inputs (e.g. mass eruption rate) and outputs (e.g. column
height). There exists no database of independently estimated eruption source parameters (ESPs) that is exten-
sive, standardized, maintained, and consensus-based. This paper introduces the Independent Volcanic Eruption
Source Parameter Archive (IVESPA, ivespa.co.uk), a community effort endorsed by the International Association
of Volcanology and Chemistry of the Earth’s Interior (IAVCEI) Commission on TephraHazardModelling.We com-
piled data for 134 explosive eruptive events, spanning the 1902-2016 period, with independent estimates of:
i) total erupted mass of fall deposits; ii) duration; iii) eruption column height; and iv) atmospheric conditions.
Crucially, we distinguish plume top versus umbrella spreading height, and the height of ash versus sulphur diox-
ide injection. All parameter values provided have been vetted independently by at least two experts. Uncer-
tainties are quantified systematically, including flags to describe the degree of interpretation of the literature
required for each estimate. IVESPA also includes a range of additional parameters such as total grain size distri-
bution, eruption style, morphology of the plume (weak versus strong), and mass contribution from pyroclastic
density currents, where available. We discuss the future developments and potential applications of IVESPA
and make recommendations for reporting ESPs to maximize their usability across different applications.
IVESPA covers an unprecedented range of ESPs and can therefore be used to evaluate and develop eruptive col-
umn models across a wide range of conditions using a standardized dataset.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

1.1. Eruptive column models: key tools for linking eruption source parame-
ters and characterizing explosive volcanic plume dynamics

Numerical models of volcanic columns or plumes, referred to as
eruptive column models (ECMs) hereafter, are fundamental to the
understanding of explosive eruption dynamics, characterizing the rela-
tionship between a variety of eruption source parameters (ESPs) and, in
turn, our ability to assess and manage hazards from explosive volcanic
eruptions. ECMs have a range of complexity, from three-dimensional
(3D) ECMs that can resolve the large-scale turbulent structure of a vol-
canic column but are computationally expensive, to one-dimensional
(1D) integral ECMs that parameterize the turbulent entrainment of am-
bient air into the column and are inexpensive to run (Costa et al.,
2016a). The simplest form of model consists of theoretical (e.g.
Morton et al., 1956; Sparks, 1986; Wilson and Walker, 1987) or empir-
ical (e.g. Settle, 1978; Wilson et al., 1978; Sparks et al., 1997a; Mastin
et al., 2009) relationships linking the mass eruption rate (MER), and
the column height. These scaling relationships, sometimes referred to
as 0th order relationships or 0D ECMs, have become popular tools due
to their simplicity.

The value of ECMs has become apparent during the 21st century due
to an increased use of volcanic ash transport and dispersion models
(VATDMs) to forecast the dispersion of ash clouds in the atmosphere
and ash deposition on the ground. VATDMs have proved crucial for
mitigating hazards to civil aviation (e.g. Heffter and Stunder, 1993;
D’Amours, 1994; Versteegeri et al., 1995; Stohl et al., 1998; Draxler
and Hess, 1998; Searcy et al., 1998) and hazard-sensitive land use plan-
ning (e.g. Barberi et al., 1990a). VATDMs require an estimate of plume
height, generally constrained using satellite or ground-based observa-
tions, and an estimate of either total airborne mass of ash or the rate
at which ash is injected into the atmosphere, commonly assumed to
be a fraction of the MER (Gouhier et al., 2019). MER is generally esti-
mated from the eruption column height using the 0D ECM between
MER and column height. Increasingly, 1D ECMs are being coupled
with VATDMs used in operational response to forecast ash dispersion
(e.g. Bursik et al., 2012).

The last two decades have also seen an increased recognition that
the relation betweenMER and plume height is complicated by a variety
of factors, such as atmospheric wind velocity, the plume water content,
and ash aggregation and the total grain size distribution (TGSD), among
other factors (e.g. Degruyter and Bonadonna, 2012; Girault et al., 2014).
0Dmodels, linking plume height to theMER, will thus always result in a
Table 1
Overviewof the key features of themain existing datasets with independent estimates of theM
is not and is incorporated, respectively.

Reference or dataset
name

Number of eruptive
events

Strictly
indepen-
dent ESPs1

Atmospheric
data2

Total gra
distribut

Wilson et al. (1978) 8 ✓ - -
Carey and Sigurdsson
(1989)

45 - - -

Sparks et al. (1997b) 26 ✓ - -
IAVCEI THM dataset
(2001)

9 - ✓ ✓

Mastin et al. (2009) 35 - - -
Mastin et al. (2013a) 5 - ✓ ✓

Mastin (2014) 25 - ✓ -
Girault et al. (2014) 10 - - ✓

Aubry et al. (2017a) 94 ✓ ✓ -
IVESPA v1.0 (this
study)

134 ✓ ✓ ✓

1Column height and MER were derived from independent methods for the full dataset. For example,
inverted from isopleth data. 2Atmospheric data means the dataset provides vertical atmospheric p
VATDMs, such as spatially-resolved deposit information.

2

large data scatter (e.g. Mastin et al., 2009; Mastin, 2014). They remain
limited compared to 1D and 3D ECMs,which can account for the impact
of vertically-resolved atmospheric conditions on plume dynamics as
well as other parameters such as TGSD. As well as being able to link
MER to column height, these ECMs can alsomake additional predictions
(depending on their complexity), such as the conditions under which a
volcanic column will collapse, the evolution of plume properties with
height, and the distribution of ash versus gas in the volcanic column.

1.2. Overview of datasets available for the evaluation and development of
eruptive column models

A requirement of datasets produced for validation of ECMs is that the
ESPs serving as inputs and outputs to ECMs are constrained indepen-
dently, and without reliance on any eruptive column modelling. Inde-
pendent observations of the MER and column height are essential
minimal requirements to constrain scaling relationships (0D) between
these two parameters, which are also required to evaluatemore sophis-
ticated (1D, 3D) ECMs. However, gathering independent constraints on
MER and height is challenging. Estimates of column height before the
beginning of the satellite era (late 1970’s/early 1980’s) are, for example,
sparse. MER can be estimated from field studies of deposits by dividing
the erupted mass (derived from the measured volume using an appro-
priate bulk deposit density) by the eruption duration. However, volume
estimates exist for only a relatively small fraction of eruptions in the
geological record and timing information can be difficult to constrain.
Table 1 lists some of those datasets with independent MER and plume
height estimates available, as well as their main features. The number
of events (i.e. eruption or eruption phases for which ESP are
constrained) in these datasets has generally increased as new data be-
came available (e.g. Sparks et al., 1997b; Mastin et al., 2009), aided by
improvements in observations with time. For example, for column
height, the use of satellite observations has becomemuchmore system-
atic, and community efforts such as the International Association of Vol-
canology and Chemistry of the Earth's Interior (IAVCEI) Remote Sensing
Commission (https://sites.google.com/site/iavceirscweb/Home) have
greatly improved the availability and communication of satellite obser-
vations of volcanic columns.

In the wake of eruptions such as that of Eyjafjallajökull (2010,
Iceland), the following decade saw an increased recognition of the key
role played by atmospheric conditions in column dynamics. A greater
number of plume height scaling (0D) models began accounting for
vertically-averaged atmospheric conditions (e.g. Aubry et al., 2017a
and references therein). 1D ECMs also included vertical profiles of
ER (or erupted and duration) and plume height. “-“ and “✓” symbolsmean that the feature

in size
ion

Uncer-
tainties

Community-wide
effort

Online, open access
dataset

VATDM
parameters3

- - - -
- - - -

- - - -
- ✓ ✓ ✓

- ✓ - -
- ✓ ✓ ✓

- - - -
- - - -
✓ - - -
✓ ✓ ✓ -

erupted mass could not be inverted from column height using an ECM and height could not be
rofiles of wind, temperature and humidity. 3Also include parameters required for evaluating
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atmospheric properties (e.g. Costa et al., 2016a and references therein).
As a consequence, ESP datasets which previously focused on gathering
only independent estimates of MER and height plume have evolved to
also compile atmospheric conditions including Mastin, 2014 and
Aubry et al., 2017a. More sophisticated 1D ECMs (e.g. Girault et al.,
2014) as well as most 3D ECMs account for the role of particle size
(e.g. Cerminara et al., 2016) and sometimes particle aggregation (Van
Eaton et al., 2015), thus also requiring TGSD as input. To date, only
one dataset aimed at evaluating ECMs contains independent estimates
of MER, plume height, and TGSD (Girault et al., 2014), but atmospheric
conditions provided with this dataset are highly simplified. A few
datasets have been developed for VATDM evaluation and contain all
ESPs required for evaluation of ECMs, including TGSD and atmospheric
conditions. However, the additional parameters required for VATDM
evaluation (e.g. spatially resolved information on the deposit) mean
these datasets only provide ESPs for a handful of events - five in the
case of Mastin et al. (2013a), and nine in the IAVCEI Commission on
Tephra Hazard Modelling’s (THM) original ESP dataset (https://thm.
iavceivolcano.org/repository/datasets.html). These datasets do not in-
clude many other parameters that are required by 1D and 3D models,
for example eruptive temperature, water mass fraction and exit veloc-
ity, which are difficult to retrieve in real-time.

1.3. Motivation for the Independent Volcanic Eruption Source Parameter
Archive (IVESPA)

Despite the increase in available ESP datasets, we still lack a stan-
dardized reference dataset to specifically evaluate and develop ECMs,
from simple 0D models to sophisticated 3D models. Existing datasets
aimed at ECM evaluation, including those of Mastin et al. (2009);
Girault et al. (2014); Mastin (2014) and Aubry et al. (2017a), do not in-
clude all of the following parameters (Table 1): MER, column height, at-
mospheric conditions, and TGSD. Most of these datasets also contain a
relatively small number of events compared to those available in the
wider literature (e.g. Mastin, 2014; Girault et al., 2014). Furthermore,
they represent the work of only a handful of researchers (e.g. Girault
et al., 2014; Aubry et al., 2017a) rather than harnessing a broader
community-wide consensus. Critically, despite the very large uncer-
tainties associated with ESPs, only one dataset (Aubry et al., 2017a)
has attempted to quantify uncertainties in a systematic manner
(Table 1). ESP datasets are rarely made available in online websites,
like the IAVCEI THM commission database (http://www2.ct.ingv.it/
iavcei/index.htm or https://thm.iavceivolcano.org/repository/datasets.
html), and even more rarely maintained. Constructing open-access
datasets is also challenging because it relies on thewillingness of the au-
thors to openly share their data. Scientists commonly use these datasets
without acknowledging the effort involved in its compilation. A data
policy for the use of data is, therefore, required.

Illustrating the potential value of a robust validation dataset, the
eruptive column model intercomparison project (Costa et al., 2016a;
Suzuki et al., 2016) examined output from 0D, 1D and 3D ECMs, but
did not directly test model performance against observations. This
study was the first of its kind for ECMs, and the primary objective was
to understand key differences between numerical parameterisations.
However, such evaluation is a gold standard of intercomparison projects
in other scientific communities (e.g. Coupled Model Intercomparison
Project in climate science, Eyring et al., 2016a, 2019). Developing a ref-
erence observational dataset for ECM evaluation constitutes a first step
towards reaching this goal.

To address these challenges, we have created the Independent Vol-
canic Eruption Source Parameter Archive (IVESPA). The primary objec-
tive of IVESPA is to foster the evaluation and development of ECMs
(0D, 1D, 3D), and it has been developed with five main specifications:

1. Provide an exhaustive compilation of eruptive events with published
estimates ofMER, plume height, and atmospheric conditions that are
3

independent from each other and independent from plume model-
ling constraints.

2. Include other ESPs when they are available, including TGSDwhich is
required as input to some 1D and 3D ECMs.

3. Include uncertainties for each parameter.
4. Establish a robust and transparent quality control of the data

provided.
5. Provide an online database that is easily accessible, updatable, con-

sistently maintained, and open to the community (ivespa.co.uk).

IVESPA is the result of a collaboration between multiple research
centers, geological surveys, and volcanoobservatories, and builds on de-
cades of efforts in compiling observational datasets. It has been en-
dorsed by the IAVCEI THM Commission and is supported by the Global
VolcanoModel and the British Geological Survey, which hosts the data-
base website (ivespa.co.uk). In the present contribution, we introduce
the methodology used to create this first version (v1.0) of IVESPA,
then provide an overview of the data collected and used.We investigate
in detail the uncertainties in the information collected, which is an
important distinction of this new dataset. We use insights gained
while gathering ESP information from the published record to provide
suggestions on making field data more useful for numerical modelling
purposes. Finally, we discuss future development and applications
of IVESPA.

2. Methodology

In this section, we first give a general overview of themethodologies
followed in the selection of events to populate the database and the pre-
sentation of information on their ESPs (section 2.1). Following this gen-
eral description, we provide definitions, and detail the challenges and
specificities of the data collection for each ESP (section 2.2).

2.1. Methodology

2.1.1. Condition of entry for IVESPA events
One of our main aims is to provide a database supporting model as-

sessment in the case of explosive volcanic eruptions that generate a
buoyant eruptive column or plume, originating from a vent. As a conse-
quence, pure collapse events that only produce pyroclastic density cur-
rents (PDCs), and resulting co-PDC plumes were not considered for
version 1.0 of IVESPA despite proving valuable in testing ECMs, and in
particular their ability to capture the transition from a stable eruptive
column to a collapsing one (e.g. Degruyter and Bonadonna, 2013;
Jessop et al., 2016; Aubry and Jellinek, 2018; Koyaguchi et al., 2018;
Koyaguchi and Suzuki, 2018; Michaud-Dubuy et al., 2018; 2020). We
collect all parameters that represent independently estimated inputs
and outputs to ECMs, and all parameters gatheredmust have been esti-
mated without the use of any ECMs.

The key input that ECMs require is the MER, whose time-averaged
value can be determined from the total erupted mass of tephra-fallout
(TEM) and the duration of the eruption. The TEM is often derived by in-
tegrating isomass or isopachmaps (see section 2.2.1). Othermethods to
estimate the MER or TEM exist, but the vast majority result from
inverting observations, such as the column height, using a scaling rela-
tionship or a more sophisticated ECM, and can thus not be used for
the purpose of testing and informing these samemodels. A fewmethods
are independent from the application of ECMs but remain rarely applied
and are very different in nature from TEM estimates based on field de-
posits, e.g. methods based on the umbrella cloud growth rates (e.g.
Costa et al., 2013a; Pouget et al., 2013; 2016a; Hargie et al., 2019) or
radar measurements (e.g. Gouhier and Donnadieu, 2008; Marzano
et al., 2016, 2019; Ripepe et al., 2013; Freret-Lorgeril et al., 2018). The
validation or calibration of these methods also sometimes rely on
ECMs (e.g. Freret-Lorgeril et al., 2018). For simplicity and consistency,
we thus restrict version 1.0 of IVESPA to eruptive events for which

ivespa.co.uk
ivespa.co.uk


Table 2
List of the different types of sources used in compiling ESPs for IVESPA.

General type Journal name or type Count

Peer-reviewed journal
article in English (total =
225)

Journal of Volcanology and Geothermal
Research

73

Bulletin of Volcanology 39
Journal of Geophysical Research: Solid Earth 17
Geophysical Research Letters 9
Journal of Geophysical Research:
Atmospheres

9

Earth and Planetary Science Letters 6
Atmospheric Chemistry and Physics 5
Earth, Planets and Space 5
Geochemistry, Geophysics, Geosystems 5
Journal of Volcanology and Seismology 5
Science 5
Other journals (32) 47

Other sources (total = 115) Global Volcanism Program 58
Geological Survey or Meteorological Office
reports or communications (USGS=15)

23

Conference abstracts or articles 13
Books 7
Personal communications 7
PhD/MSc thesis 3
Other 4
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both a deposit-derived TEM estimate and a duration estimate were
available in the literature.

In addition to the MER, the vast majority of plume models now
require atmospheric conditions (density profiles, wind speed and direc-
tion) from ground level up to the height reached by the plume as inputs.
While direct observations of atmospheric conditions near the eruptive
vent are not systematically available, even for relatively recent events,
the development of multiple climate reanalysis (section 2.2.4) means
that model estimates of atmospheric conditions derived from observa-
tions from at least 1979 and in some cases as far back as 1600-1900
are commonly available. To guarantee that atmospheric data from at
least two different reanalyses using a relatively dense array of observa-
tions were available, we only consider volcanic events that occurred
since 1900 or later for this first version of the database. Last, we require
all events of IVESPA to have at least one type of measurement of the
eruptive column height and allowed for three different types defined
as in section 2.2.3.

To summarize, we impose the following conditions for any eruptive
event to be included in IVESPA:

1. An estimate of the TEM derived from the tephra deposit is available.

2. An estimate of the duration is available.
3. An estimate of at least one of the three types of eruption column

height considered (see section 2.2.3) is available.
4. The event occurred in 1900 or later, guaranteeing the availability of

estimates of atmospheric conditions from well-constrained climate
reanalyses.

5. All above estimates must be independent of any ECMs.
6. All above estimates must be independent of each other.

We refer to the first three parameters listed above (TEM, dura-
tion, eruptive column height) as basic “key” ESPs, as together they
enable constraint of the input (MER, obtained from TEM and dura-
tion) and output (height) common to all ECMs (0D, 1D, 3D). We
refer to any sequence of an eruption fulfilling the list of above criteria
as an “event”. A specific volcanic eruption may thus contribute sev-
eral “events” to the database if distinct estimates of key ESPs exist
for each event. Last, we made a number of exceptions to the sixth
criteria listed above:

• Column heights obtained from satellite-measured brightness temper-
ature and an atmospheric temperature profile (inducing a depen-
dence between the plume height and atmospheric conditions) can
be used.

• Column heights obtained from the inversion of the ash or sulphur di-
oxide (SO2) dispersion patterns and wind field using a trajectory
model (inducing a dependence between the columnheight and atmo-
spheric conditions) can be used.

• Eruption chronologies established on the basis of shifts in wind direc-
tion and differences in tephra layer dispersal direction (inducing a de-
pendence between the duration and atmospheric conditions above
vent) can be used.

• Event duration constrained using observations of the volcanic plume
(inducing a dependence between duration and column height) can
be used.

While commonly encountered in estimates of ESPs, these dependen-
cies would result in negligible biases for understanding the relation-
ships between ESPs and evaluating ECMs.

2.1.2. Data sources
This study undertook an extensive search of the published litera-

ture and of other sources, such as bulletins of the Global Volcanism
Program (GVP), and reports from volcano observatories to compile
ESPs. Table 2 summarizes the 340 sources used. The published
peer-reviewed literature in the English language accounted for 66%
(225 articles) of our sources, with several journals unsurprisingly
4

dominant such as Journal of Volcanology Geothermal Research (73),
and a total of 43 different journals spanning the period 1949 to the
present day. Other types of sources used include online reports (par-
ticularly the GVP, which alone was referenced for 58 separate
events); books (7 entries in the database); student theses (3 en-
tries); reports from volcano observatories, meteorological offices
and national geological surveys (e.g. USGS reports, 15 entries);
personal communications reporting direct (i.e. field) or indirect
measurements (e.g. analysis of satellite data) (7 entries); and non-
reviewed scientific publications such as technical reports and
conference proceedings (13). The full reference list is available in
Appendix A and on the online database website (ivespa.co.uk).

2.1.3. Best estimate, uncertainty, and interpretation flags
ESP estimates are commonly subject to large uncertainties and

are used to initiate and test numerical models which themselves
are limited by uncertainties (e.g. understanding of the underlying
process) propagating uncertainties further. Yet, ESP uncertainties
are not systematically rigorously documented in the literature and
are even less commonly reported in ESP datasets (Table 1). To
make progress, in addition to providing a best estimate for all nu-
merical parameters, we also provide an uncertainty for all relevant
parameters of the database. In general, the uncertainties provided
in IVESPA are meant to be representative of a high confidence
level, calculated as a 95% confidence interval when the available
data enables it. We provide a single value for uncertainty, with the
underlying assumption that uncertainty is symmetric around the
best estimate value provided. The only exception is for TEM for
which we decided to provide both a lower and upper bound uncer-
tainty because studies which have rigorously quantified uncertainty
on this parameter commonly show strongly asymmetric probability
distributions for the true value of TEM (Bonadonna et al., 2015a). We
describe parameter-specific challenges encountered when provid-
ing uncertainty in section 2.2.

Most databases describing volcanic activity are built on information
gathered from the published record, e.g. the LaMEVE (Crosweller et al.,
2012), DomeHaz database (Ogburn et al., 2015), or the GVP database,
and that is also the case for IVESPA.When gathering ESPs from the pub-
lished record, information on the data provided (e.g. what parameter
was exactly measured, how and when) and its uncertainties may be in-
complete or unclear. As a consequence, experts compiling databases on
volcanic activity must commonly interpret sources, i.e. make assump-
tions on missing information, to estimate the most appropriate value

ivespa.co.uk
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of an ESP best estimate or uncertainty. For example, a paper may pro-
vide a clear estimate for the column height, but be unclear whether
the height quoted is above vent, ground (e.g. plains surrounding vol-
cano used as a reference point to measure the height) or sea level (a.v.
l., a.g.l. and a.s.l.). The level of interpretation required to provide ESP es-
timates may directly affect their reliability and, in turn, the use or
weight given to specific events in ECM evaluation studies. However,
this interpretation is rarely discussed and never documented in ESP
datasets. To move forward, we systematically provide an interpretation
flag for both best estimate and uncertainty values associated with all
key ESPs provided in the database (i.e. TEM, duration, and the three col-
umn heights). Interpretation flags can take values of 0, 1 or 2, and Fig. 1
illustrates how these values were attributed. Flag 0 corresponds to pa-
rameters which required negligible interpretation of the literature,
and/or for which required interpretation had a negligible influence on
the parameter value. In contrast, flag 2 corresponds to parameters
which required significant interpretation or educated guess, and/or for
which this interpretation exerted amajor influence on thefinal value at-
tributed. Flag 1 corresponds to intermediate levels of interpretation. The
type of sources used to derive the value of an ESP (see section 2.1.2) also
influenced the choice of interpretation flag values, with information not
issued from the peer-reviewed literature leading to higher values of in-
terpretation flags because of the lack of peer-reviewed/objective infor-
mation on which to rely for estimating an ESP value. Detailed
examples of choicesmade for flag values for all parameters are provided
in section 2.2.

Last, we do not provide uncertainty or interpretation flags on cate-
gorical parameters (e.g. eruption style), some trivial parameters
consisting of a single numerical value (e.g. latitude of eruptive vent)
and quantitative parameters consisting of more than one numerical
value (atmospheric conditions and TGSD). For atmospheric conditions,
two profiles issued from two different families of reanalysis are system-
atically provided (section 2.2.4). For TGSD as well as for TEM, the only
key ESP for which uncertainty could not always be constrained, we pro-
vide “metadata” (see section 2.2) describing the deposit sampling qual-
ity. This metadata can then be used to infer the uncertainty on these
deposit-derived ESPs.
Fig. 1. Chart illustrating how interpretation flag values relate to the co

5

2.1.4. Initial quality control of key eruption source parameters
IVESPA is downloadable as datasheets and is accessible through a

searchable website (ivespa.co.uk) on which database users can post
comments, suggestions, and feedback which may lead to correction of
initially provided ESP values and new entries in the database. Ulti-
mately, we hope that community contributions will result in a database
in which values provided are consensual across the volcanology com-
munity. To ensure that values initially provided represent a reasonable
consensus, we implemented an initial quality control by at least two
“data contributors” (DCs), who are members of the IAVCEI THM com-
mission working group tasked with the creation of IVESPA and co-
authors of this paper. DCs were asked to independently provide esti-
mates of the best value, uncertainty, and associated interpretation
flags (Fig. 1) of all key ESPs for each event of the database. This process
was ‘blind’ in that none of the DCswere aware of the data sources refer-
enced by the other DCs, nor of the estimated values. DCs could choose to
use any data source (see section 2.1.2) for providing ESPs. This helped to
maximise the range of publications and to thus sample from as many
sources as possible. The DCs then compared and discussed their values
until they reached a consensus. The consensual values reached are the
final values provided in IVESPA. However, we also made available
values initially proposed by individual DCs as well as spreadsheets
with detailed comments tracking how consensual values were reached
from values initially provided by two or more DCs. In the future, new
entries to IVESPAwill undergo the same procedurewith at least two ex-
perts providing key ESPs values and reaching a consensus before inclu-
sion in the database. Documents summarizing core discussions between
DCs are available via the IVESPA website (ivespa.co.uk), and detailed
notes on each event are available upon request from the corresponding
author.

The number of references available for each ESP may greatly influ-
ence discrepancies between different DCs. For eruptions with a large
number of references, it is unlikely that DCs will perform an exhaustive
search of ESP estimates throughout all references available and differ-
ences in their ESP estimates may reflect preferences for certain refer-
ences. For eruptions with a small number of references, some
references may be particularly challenging to find and failure to do so
nfidence in our interpretation and its impact on parameter value.

ivespa.co.uk
ivespa.co.uk
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may result in very different ESP estimates due to scarcity of information.
To better assess how much ESP estimates may differ depending on the
expert compiling data from the literature, we extended the above qual-
ity control procedure to eight DCs for two example eruptions in the da-
tabase. For this purpose, we chose the 2015 eruption of Calbuco and the
1971 eruption of Fuego, which are respectively representative of erup-
tions with a relatively large and small number of dedicated studies. A
detailed analysis of discrepancies between the different ESP estimates
and of the final consensual value chosen is provided in section 4.

2.2. Parameters collected

In this subsection, we provide a definition and overview of all pa-
rameters collected. For our three key ESPs (sections 2.2.1, 2 and 3), we
first provide the parameter definition before discussing in detail two ex-
amples of events which represent challenging and ideal cases for the
compilation of that ESP, along with explanation for the values chosen
in IVESPA to illustrate the data collection process.

2.2.1. Total erupted mass of tephra-fallout deposits

2.2.1.1. Parameter definition. The total erupted mass (TEM) of tephra-
fallout deposits is one of our key ESPs and was collected solely from
sources that used the properties of the tephra-fallout deposit to derive
its volume or mass. In theory, both can be estimated based on the
field mapping of the deposit thickness (volume) or mass per unit area
(mass),which are then contoured into isopach or isomassmaps, respec-
tively. The final volume or mass can then be obtained by integrating the
square root of the area of each contour against the contour’s value on a
semi-log plot (e.g. Pyle, 1989). In practice, this process is complicated by
sources of uncertainties that can be classified into four broad categories.
First, various uncertainties are related to the deposit’s properties, e.g. its
accessibility and preservation, which affect the density and spatial dis-
tribution of samples, or the natural variability of emplacement pro-
cesses, which affect how representative a given sample is of the
surrounding local conditions (Engwell et al., 2013). Second, a subjective
component is inherent to the measurement of thickness and or mass
per unit area values (e.g. Engwell et al., 2013). Third, some uncertainties
can be associatedwith the contouring of the deposit’s thickness ormass
per unit area. Although semi-empirical methods have been proposed to
minimize the subjective component of the contouring processes, most
values ofmass and volume in the literature inferred fromdeposit geom-
etries rely on hand-drawn contours (e.g. Klawonn et al., 2014a, 2014b).
A number of techniques for automating construction of isopach maps
have been produced (e.g. Engwell et al., 2015; Yang and Bursik, 2016)
however these also typically involve the choice of some fit parameter.
The fourth source of uncertainty relates to the strategy chosen for com-
puting the final value of volume or mass (e.g. Bonadonna et al., 2015a).
On the one hand, various empirical approaches have been proposed to
describe the variable thinning rates of tephra deposits and extrapolate
the deposit in regions where it is either inaccessible (e.g. proximal re-
gions) or removed (e.g. distal regions). Each approach’s strengths and
weaknesses have made them more appropriate in different contexts
and, as a result, deposit volumes or masses are often reported in the lit-
erature as a range bounded by the estimates provided by the different
models. On the other hand, the field measurement of the deposit thick-
ness is easier and more time efficient in case of old deposits than mea-
suring a mass per unit area. In contrast, sampling of tephra fallout in
real time or quasi real time (i.e. within a few hours or days from the
eruption) is more efficient in mass per unit area. Consequently, esti-
mates of the TEM are frequently only a simple product of the volume
of the deposit by a single generic value of density assumed to be con-
stant over the entire deposit and vice-versa. For some deposits, numer-
ousmeasurements of deposit density are available at different distances
from vent, making the conversion between mass and volume more
accurate.
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Whenever distinct mass or volume estimates were provided in the
literature, the TEM includes only the mass of fallout deposits from a
vent-sourced stable volcanic column only, and an estimate for the de-
posit mass derived from PDCs is provided separately. Accompanying
the TEM estimate, we provide a categorical parameter indicating
whether the TEM was directly obtained from measurements of mass
per unit area, or whether it was obtained from the deposit volume
and density. We also provide the value of the deposit bulk density,
which was assumed to be 1000 kg m-3 when no estimate was available
in the literature, with this default value being representative of the av-
erage density for events across which it is available (e.g. Scasso et al.,
1994; Andronico et al., 2014a). In contrast to event duration and column
height, uncertainty information on TEM in the published record is com-
monly not provided and hard to infer from contextual information, so
that it is the only key ESP for which we did not systematically provide
an uncertainty. However, we provide a set of “metadata” on the deposit,
including

• The number of sampling sites at which the thickness or mass per unit
area was measured.

• The minimum and maximum distance of sampling sites from the
eruptive vent.

• The number of lines drawn on the isopach or isomass map.
• The minimum thickness or mass per unit area value among these
lines.

• A subjective estimate of the fraction of the deposit lost to sea or ocean,
expressed as a categorical parameter taking values “negligible”,
“some” and “significant”.

• The delay between the eruptive event and the data collection.

These metadata complement the uncertainty estimate, when pro-
vided, and interpretation flags in providing users with information on
the quality of the deposit dataset and TEM estimate provided. Ulti-
mately, investigating the relationship between these metadata and the
uncertainty on TEM may enable us to make informed estimates of
TEM uncertainty for events for which it is not constrained in the
literature.

2.2.1.2. Examples of challenging and ideal events to collect the parameter.
To illustrate some of the data collection process for TEM, we discuss
two eruptions included in the database. The Cordón Caulle 2011 erup-
tion (Chile) represents a case for which TEM collection was relatively
straightforward thanks to excellent data presentation in Pistolesi et al.
(2015) and Bonadonna et al. (2015b). The sampling of the deposit and
the stratigraphy is clearly presented in Pistolesi et al. (2015) and the au-
thors included isopachmaps (showing both the thickness contours and
the sampling locations) and thinning trend plots for all stratigraphic
units which represent different events within the eruption for which a
volume and TEM could be constrained. Multiple strategies were used
to integrate thinning trends and obtain a volume, and the authors pro-
vided values obtained from each of these strategies as well as averages
and standard deviations across all strategies in a table. The bulk deposit
density for each event was also clearly constrained with distance from
the vent enabling confident derivation of mass estimates (Bonadonna
et al., 2015b). Last, the role of PDCs is also clearly discussed and their
volumewas constrained, enabling us to confidently provide distinct es-
timates for our TEM parameter and the erupted mass derived from
PDCs. As a result of the clear data presentation, there was excellent
agreement between the TEMparameter values compiled independently
by the two DCs in charge of this eruption, and interpretation flags for
both the TEM best estimate and uncertainty were chosen to be 0 (no
or negligible interpretation, see Fig. 1). The only minor discrepancy re-
lated to uncertainty, with one DC choosing the one standard deviation
values quoted in Pistolesi et al. (2015) and Bonadonna et al. (2015b),
and the other one doubling them. The latter option is more consistent
with our aim to provide uncertainties representative of a 95% or



T.J. Aubry, S. Engwell, C. Bonadonna et al. Journal of Volcanology and Geothermal Research 417 (2021) 107295
“high” confidence level and it was thus chosen as the consensual value
after minimal discussion. TEM uncertainty estimates can be slightly
more refined than those from the Cordón Caulle 2011 eruption. For ex-
ample, TEM uncertainty of some events in the database accounted for
uncertainties in drawing of the isopach map or the bulk density of the
deposit. However, the choice of the thinning trend integration strategy
is one of the dominant causes of TEM uncertainty (Bonadonna et al.,
2015a) and the Cordón Caulle 2011 eruption represents a nearly ideal
case for TEM collection from published literature.

In contrast, the Sarychev Peak (Russia) 2009 eruption took place on
a remote island, and therefore most of the deposit was lost to sea and
field analysis of land deposits, and estimation of TEM, proved very chal-
lenging. As a consequence, one of the only references with information
on the deposit (Rybin et al., 2011) did not include any detailed informa-
tion on the sampling conducted, nor any plot or data on isopachmap or
thinning trend. The authors mention a preliminary estimate of the bulk
volumeof 0.4 km3with no further justification. Theminimal description
provided at least gave confidence that this estimate was based on field
data and not, for example, on inversion of plume height via plume
modelling. The thickness of the deposit was apparently sampled on dis-
tant islands which also suggests that this estimate is not based solely on
the proximal deposit on the Matua Island where Sarychev Peak is lo-
cated. A second reference (Rybin et al., 2012) quotes volume estimates
between 0.1 and 0.4 km3, but we could not access any of the references
quoted and no additional information on how these estimates were ob-
tained was provided. To obtain a TEM estimate for the Sarychev Peak
2009 eruption based on this information, both DCs working on this
event chose to use the volume estimate of 0.4 km3 and an arbitrarily as-
sumeddensity of 1000 kgm-3 (e.g. Scasso et al., 1994). An interpretation
flag value of 1 was given to the TEM best estimate, although the possi-
bility of using a flag 2was discussed. Ultimately, therewas only one vol-
ume estimate available in the peer-reviewed literature (Rybin et al.,
2011) so that even if it is poorly informed, no interpretation was re-
quired in choosing a volume estimate. DCs had to make an educated
guess for the bulk deposit density, but volume uncertainty is expected
to be the dominant contribution to the TEM uncertainty so that DCs
did not deem that a flag 2 was justified for the TEM best estimate. How-
ever, in the absence of any other information, no TEM uncertainty (and
no interpretation flag for the uncertainty) was provided for this event.

2.2.2. Event duration

2.2.2.1. Parameter definition. Duration is one of the key ESP collected for
each volcanic event of the IVESPA database because it is required to ob-
tain theMER from the TEM. To be as consistent as possible in the calcu-
lation of the MER, we define duration of an event in IVESPA as the
duration of the sustained eruptive phase(s) during which most of the
tephra volume was erupted by the volcano. This parameter was partic-
ularly challenging to define owing to a variety of factors:

1. Various definitions for the duration of a volcanic event are used in the
literature, and it is often unclear which definition was used in origi-
nal references and the extent to which it is compatible with the def-
inition we use in IVESPA. For example, duration may be defined as
the period of time when a volcano is erupting volcanic material
(e.g. Gunn et al., 2014). However, it is well known that an eruption
can show different phases (e.g. explosive, effusive) and styles (e.g.
Strombolian, Vulcanian), sometimes separated by periods of quies-
cence. During some of the eruption phases, the emitted material
(e.g. volcanic gas, lava, minor/sporadic ash during ash venting or
vent clearing events) may not be relevant to the emplacement of
the tephra fallout deposit from a sustained column, and such phases
were excluded when estimating event duration for IVESPA.

2. A large variety of methods can be applied to measure the duration
of an event, and these methods result in different estimates and
sometimes impose different definitions of the eruption duration.
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Thesemethods include image analysis from visual and thermal cam-
eras, satellite observations, ground-based radar, and analysis of
infrasound signals and volcanic tremor. It is also common that the
only source of information is visual reports from local witnesses
(non-expert observers). We also considered events for which the
only source of information on duration is indirect observations,
such as reports on the noise of the eruption or the glow of the erup-
tive vent/column at night, as well as ashfall reports (e.g. Hill et al.,
1998). Such observations may be poorly representative of the dura-
tion duringwhichmost of the tephrawas emitted, e.g. ashfall timing,
even when corrected for ash transport and settling, is a very uncer-
tain proxy for ash emission at the vent. Accordingly, uncertainties
and flag values are generally particularly high when using indirect
evidence to estimate duration.

3. For eruptions for which multiple events can be constrained, each
event corresponds to a distinct layer of the tephra deposit whose
properties were measured to provide an estimate of the volume or
mass of that specific layer. Layers are often separated based on either
the properties of the deposited tephra (e.g. size distribution,
componentry or color) or the main direction of dispersal governed
by wind direction at the altitude at which most of the ash was
injected into the atmosphere. Thus, determining the timing of
emplacement of each layer requires observations of the corre-
sponding transitions in eruption style or in wind direction (e.g.
Gudmundsson et al., 2012). The exact timing of such transitions is
often challenging to constrain.

2.2.2.2. Examples of challenging and ideal events to collect the parameter.
While it represented a nearly ideal case for TEM collection, the 2011
eruption of Puyehue Cordón Caulle is a typical example of an eruption
for which the duration of individual eruptive events was particularly
hard to estimate. The volume of four distinct groups of tephra layers is
constrained by Pistolesi et al. (2015) (layers A-B, A-F, H, and K2). How-
ever, we could not find any constraint on the time at which the activity
associated with layer B finished, which prevented estimating two key
ESPs, the duration and the height. Consequently, we could only provide
ESPs for three eruptive events for this eruption corresponding to layers
A-F, H and K2. For layers A-F, Bonadonna et al. (2015c) provide detailed
estimates of the duration but these are based on the ratio between the
TEM and the MER as inverted from plume height using an ECM; as
such, these estimates do not fit our set of entry conditions (see section
2.1.1) and were ignored. By comparing deposit dispersal and satellite
images, Pistolesi et al. (2015) estimated a duration of roughly 24-30
hours. A compatible duration of 27 hours is mentioned in Jay et al.
(2014), but this reference is a conference presentation and does not in-
clude any detail on the methodology. Consequently, DCs decided to use
a duration of 27 hours with an uncertainty of 3 hours, but to attribute a
flag 2 (see Fig. 1) to both the best estimate and the uncertainty. The du-
ration of the second event of this eruption, corresponding to layer H,
was equally hard to constrain. Pistolesi et al. (2015) attributed various
satellite images to different layers deposited by the eruption, based on
the correlation between the deposit dispersal direction and thewind di-
rection. They could not attribute any satellite image to layer H but one
image at 19:45 (local time) on June 6 is attributed to layer G (preceding
layerH) and one at 13:28on June27 to layer K2 (following layerH). This
suggests that themaximumduration of the phase (or event) depositing
layer H was ca. 17 hours. Furthermore, they state that the phase depos-
iting layer H started during the night of June 6 and that the phase depos-
iting layer K2 (the layer above layer H) started in themorning of June 7.
Assuming that a night start was before 3:00 at the latest and a morning
end after 6:00 at the earliest, theminimumduration of the event depos-
iting layer H was 3 hours. Bonadonna et al. (2015c) also state that the
maximum duration of the event that deposited layer H was 12 hours.
Based on interpretation of published information, the minimum dura-
tion of the event depositing layer H could thus be ca. 3 hours and the
maximum duration could be 12 hours, possibly up to 17 hours. One



Fig. 2. Cartoon illustrating the three column heights considered in IVESPA (box to left), as well as the various measurement techniques constraining values in the database. We also
illustrate more refined height definitions not yet incorporated in IVESPA v. 1.0 (box with dashed line). The cartoon shows a strong plume with separation of volcanic ash and SO2; note
that these two phases are not always decoupled, and that for a weak plume (bent-over by the wind with no overshooting top), the top height equals that of the top of the spreading
umbrella cloud. IR, VIS and UV stand for infrared, visible and ultraviolet, respectively.
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DCwith no a priori knowledge of the eruption thus proposed a duration
of 7.5 hours with an uncertainty of 4.5 hours, and interpretation flag
values of 2 for both the best estimate and uncertainty. However, the sec-
ond DC had first-hand knowledge of the eruption that provided insight
that the duration was between 6 and 12 hours for this event. The final
consensual value for the duration of this event was thus 9 hours with
an uncertainty of 3 hours, and we retained interpretation flag values
of 2 given theminimal amount of information available in the literature
and the substantial role of interpretation and expert judgement re-
quired to provide an estimate of the duration.

Contrary to the 2011 Puyehue Cordón Caulle events, duration was
straightforward to constrain for the 22 April phase of the 2015 Calbuco
eruption. Based on seismic signals, visual observations, and satellite ob-
servations, available references place the start of the eruption between
21:04 UTC and 21:06 UTC, and the end between 22:32 UTC and 22:35
UTC (Romero et al., 2016b; Van Eaton et al., 2016; Global Volcanism
Program, 2015a; SERNAGEOMIN, 2015). Based on the eruption descrip-
tion in these references, we are confident that sustained ash emission
occurred between these time stamps, and Vidal et al. (2015a) also
state that the most energetic phase of the eruption lasted 90 min. We
chose the latter estimate as the best estimate for the duration of this
event, with an uncertainty of 4 min covering the duration range of 86-
91 min informed by the start/end time. No interpretation of the litera-
ture was required to come up to these estimates and we thus chose in-
terpretation flag values of 0 for both the best estimate and uncertainty.

2.2.3. Column heights

2.2.3.1. Parameter definition. The column (or plume) height is the main
output common to all ECMs. Its estimation is key for characterizing
the explosivity of volcanic eruptions (Newhall and Self, 1982) and to
evaluating the level of the plume injection used by Volcanic Ash Advi-
sory Centers (VAACs) to forecast volcanic ash dispersion during a volca-
nic eruption (e.g. Witham et al., 2007). This value is also essential to run
plume gas and aerosol retrievals (Prata andGrant, 2001; Corradini et al.,
2018). While volcanological studies - including those compiling ESP
datasets - often mention “the” plume height without explicit definition,
multiple metrics for the vertical extent of an eruptive column exist
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(Fig. 2) and the discussion of column height is increasingly nuanced in
the literature. The most common distinction is between the maximum
or “overshoot” height reached by a volcanic column, referred to as the
top height hereafter, and the height at which an umbrella cloud is
spreading, referred to as the spreading height hereafter (Fig. 2). Because
most early measurements of volcanic plume vertical extent were based
on visual observations, the first estimates of the top height and spread-
ing height available refer to the ash-rich part of a volcanic column.How-
ever, volcanic columns are fundamentally multiphase flow, and as
remote sensing methods to measure plume height have developed,
the height of dispersion of SO2 is now a standard measurement during
volcanic eruptions (e.g. Carboni et al., 2016). In particular, it has become
clear that the ash and gas phase of a volcanic plume can separate and
disperse at different altitudes (Schneider et al., 1999; Prata et al.,
2017). In addition to being observed, these different types of plume
heights can also be distinct outputs of some ECMs, and using more
than one height enables to improve the evaluation and/or predictions
of ECMs (e.g. Suzuki and Iguchi, 2019).

Consequently, in version 1.0 of IVESPA, where possible we compile
height data for three different types of plume (Fig. 2):

• “Top height”: the top height of the tephra phase of the plume, i.e. its
maximum height in a spatial sense (not in a temporal sense, see
below).

• “Spreading height”: the spreading height of the tephra phase of the
plume.

• “SO2 height”: the height of dispersion of SO2.

Each event in the database has at least one of these three measure-
ments available (section 2.1.1). As key ESPs, all three types of height col-
lected systematically include a best estimate, an uncertainty, and
interpretationflags for both values (see section 2.1.3 and Fig. 1). Thedis-
tinction between these different types of height represents a major im-
provement over previous ESP datasets where a single height was
compiled, sometimes loosely defined (e.g. Sparks et al., 1997b; Mastin
et al., 2009; Aubry et al., 2017a; IAVCEI THM database). Because of the
dominance of satellite-measured height in the data collected, we pro-
vide height in km a.s.l. However, we systematically provide the altitude
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of the eruptive vent (see section 2.2.6) so that IVESPA users can easily
convert these heights to km a.v.l., which is a more meaningful metric
for plume dynamics. We aim to provide heights that are representative
of the time-averaged value over the duration of volcanic events. Previ-
ous datasets have sometimes compiled heights that are more represen-
tative of themaximumheight reached during an event (e.g. Sparks et al.,
1997b;Mastin et al., 2009). However,MER values derived from the TEM
(section2.2.1) andduration of sustained ash emission (section2.2.2) are
representative of the time-averaged MER (as opposed to a peak MER).
Thus, providing time-averaged plume heights is more consistent with
the definition of the other key ESPs collected. All heights provided are
also aimed to be representative of the vertical extents of the column
near the vent, before transport and radiative processes affect the vertical
distribution of volcanic products initially determined by the eruptive
column dynamics. For the spreading height of any type of plume, a few
studies (e.g. VanEatonet al., 2016) sometimesprovidedetailed informa-
tion on whether their measurements are representative of the top, cen-
ter or bottom of the spreading height layer (Fig. 2). Such distinction can
in turn be crucial for rigorous ECM evaluation, in particular for weak
plumes (e.g. Mastin, 2014; Devenish, 2016; Aubry et al., 2017a). How-
ever, this distinction is challenging to make and rarely presented in the
literature so that we did not include it in version 1.0 of IVESPA (Fig. 2).

Fig. 2 summarizes some of the different techniques used to measure
plume height in the sources fromwhichwe compiled ESPs. For the events
in the database that occurred before the beginning of the satellite era (late
1970’s/early 1980’s), the most common type of plume height measure-
ment is visual report from experienced observers (e.g. observatory staff)
and witnesses from the ground - sometimes using video camera - as
well as aircraft pilot visual reports. However, for the majority of events
that occurred during the satellite era, the column heights have been esti-
mated using different satellite-based remote sensing techniques (Fig. 2;
also see table 1 in Taylor et al., 2019). For example, the correlation of
11-μm brightness temperature of the plume top observed from satellite
(e.g. MSG-SEVIRI) with the atmospheric temperature profile of a nearby
radiosonde is themost commonly usedmethod for top height estimation.
This method, referred to as Cloud-Top-Temperature (CTT) in the litera-
ture is routinely used by VAACs and volcano observatories (Gouhier
et al., 2020). From the ground, the column dimensions may be estimated
byweather radar (e.g. Marzano et al., 2019), lidar (e.g. Scollo et al., 2015),
auto-calibratedwebcams (e.g. Scollo et al., 2014), or video image analysis
(e.g. Arason et al., 2011). The heights obtained from different techniques
(Fig. 2) may differ largely because they measure different parts of the
plume (e.g. top vs. bottom of the umbrella cloud), use fundamentally dif-
ferent techniques, are obtained at different times after the eruption and/
or distances from the volcanic vent, and because each technique is subject
to its own uncertainty (e.g. Tupper andWunderman, 2009). For example,
the cloud-top-temperature method is limited by the quality of the radio-
sonde profile used and the fact that for columns with heights close to the
tropopause, two heights estimates are possible because of the tempera-
ture inversion. Last, it is important to note that we excluded any plume
height estimate obtained from inversion of deposit data using amodelling
approach, including themethod of Carey and Sparks (1986) and its recent
extensions (e.g. Rossi et al., 2019) which invert the plume height from
clast size isopleths. Such methods clearly violate the criteria of indepen-
dence among ESPs and the rejection of any method making use of erup-
tive column modelling (section 2.1.1).

Given the large variety of techniques applied in measuring plume
height, their limitations, and the differing levels of confidence that a da-
tabase usermay have in them,we complement parameters provided for
each of the three plume height types by a categorical variable named
“method” which includes the following categories:

• “v”: visual observation of theplume,whether from the ground or from
an airplane.

• “g”: ground-based observation of the plume using instrumentation
such as radar, lidar or calibrated cameras.
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• “s”: satellite-based observation of the plume, such as cloud-top-
temperature, shadow technique or backward trajectory modelling.

• “o”: other, which include some of the least conventional methods
used to place constraints on plume height. For example, when very
few plume height estimates are available, the tropopause height is
used as a lower bound on the SO2 height when the eruptive event
led to significant perturbation of the stratospheric aerosol optical
depth or to significant deposition of sulfate in polar ice-core.

• “u” = unknown.
We generally use all available estimates to propose a best estimate

and uncertainty on plume height, so that this categorical variable
often includes several methods.

2.2.3.2. Examples of challenging and ideal events to collect the parameter.
The 1902 eruption of Santa Maria is one of the IVESPA events for which
wehave the least information on plumeheight. The only estimates are re-
ports from two ship captains found by Williams and Self (1983), one of
which places the “column height” at 27-29 km using a sextant and the
other one at 48 km using an unknown method. It is unclear whether
these heights should be considered as a.s.l. or a.v.l. estimates, although
the former option is more likely for a sextant measurement, and given
the much higher height of the column compared to the altitude of the
eruptive vent (3.8 km). It is also unclear whether these heights likely cor-
respond to the top height or the spreading height. Both DCs for this erup-
tion chose 28 km as the best estimate because the measurement
technique is documented, and both assumed it was likely representative
of the plume top measured a.s.l. An interpretation flag 1 was chosen by
both DCs for this value even though a flag 2 could have been considered
given that the measurement could relate to the spreading height. For
the uncertainty, one could consider the 48 km estimate as an upper
boundwhichwould give an uncertainty of 20 km. This eruption is also as-
sociated with sulfate deposition at the pole and stratospheric aerosol op-
tical depth perturbation (Rose, 1972), so it seems unlikely that the top
height was below the tropopause, i.e. 16-17 km,whichwould give an un-
certainty of 12 km. Here the DCs chose to attribute a 50% uncertainty, i.e.
14 km, which falls in the 12-20 km range that could be inferred from the
minimal information available. An interpretationflag of 2was given to the
uncertainty as it consists mostly of an educated judgement.

In contrast, eruptive events associated with the 2010 eruption of
Eyjafjallajökull represent a nearly ideal case for collecting plume height.
The Icelandic Meteorological Office had a weather radar and several
cameras monitoring the eruption from which the top height could be
estimated (Arason et al., 2011). Multiple satellite sensors, including
the Infrared Atmospheric Sounding Interferometer (IASI), the Global
Ozone Monitoring Experiment (GOME)-2 and the Spinning Enhanced
Visible and Infrared Imager (SEVERI), were also used to track the erup-
tive column and estimate the spreading height and the SO2 height
(Stohl et al., 2011; Flemming and Inness, 2013; Carboni et al., 2016).
Most of the column height data consisted of time series as opposed to
a single or handful of values so that we could rigorously calculate
time-averaged values of plume heights for each event. The extraordi-
nary interest of the volcanology community in this eruption also
means that publications in whichwe found plume height data included
more information onmeasurement limitations than for most eruptions.
The large number of publications also enabled us to compare height
values across multiple references and to be confident in uncertainty
values provided. As a result, whether for the top height, spreading
height or SO2 height, all best estimates of heights for this eruption
have been attributed an interpretation flag of 0, and uncertainty esti-
mates were either given flag values of 0 or 1.

2.2.4. Atmospheric conditions
Atmospheric conditions have been demonstrated to exert substan-

tial influence on the dynamics of eruptive columns and have become a
standard input to most ECMs (e.g. Costa et al., 2016a; Aubry et al.,
2017a). As a consequence, for each eruptive event in the database, we
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provide vertical profiles (as a function of the altitude a.s.l.) for the atmo-
spheric pressure, temperature, zonal and meridional wind speed, and
relative humidity up to 50 km a.s.l. Themost convenient type of dataset
from which to obtain these profiles are atmospheric reanalyses, in
which meteorological and climate observations are assimilated in a
global climate model. Atmospheric reanalysis data are gap free, avail-
able on a global scale, and contain a large number of outputs including
the five variables required in IVESPA. Two of the most popular atmo-
spheric reanalyses are the ERA5 reanalysis (Hersbach et al., 2020) pro-
duced by the European Centre for Medium-Range Weather Forecasts
(ECMWF) and the NCEP-NCAR R1 reanalysis (Kalnay et al., 1996) pro-
duced by the National Centers for Environmental Prediction (NCEP)
and the National Center for Atmospheric Research (NCAR). In order to
better inform uncertainties related to atmospheric conditions and
their impact on ECM evaluation, we provide atmospheric conditions is-
sued from both the ERA5 and NCEP-NCAR R1 datasets in IVESPA. One
caveat is that the ERA5 reanalysis only covers years 1979 onwards (to
be extended to 1950 onwards), and the NCEP-NCAR R1 reanalysis
only covers years 1948 onwards. Consequently, we complement these
two reanalyses with two reanalyses covering the full 20th Century:
the ERA-20C reanalysis (Poli et al., 2016) produced by the ECMWF,
and the 20CR reanalysis (Compo et al., 2011) produced by the National
Oceanic and Atmospheric Administration (NOAA), of which NCEP is
part. For each event in the database, we then provide one set of atmo-
spheric profiles from an ERA-family reanalysis (ERA-20C for events
older than 1979 and ERA5 otherwise) and one set of atmospheric profile
from a NOAA-family reanalysis (20CR for events older than 1948 and
NCEP-NCAR R1 otherwise). Table 3 briefly summarizes some of the
main characteristics of the four reanalysis datasets used, and in particu-
lar the spatial and temporal resolution of the output used. Note that the
atmospheric conditions retrieved fromdifferent atmospheric reanalyses
are not strictly independent, e.g. because some of the observational
datasets assimilated in the climate models are used by several of the
four reanalyses in Table 3. However, we show in section 3 that impor-
tant differences exist in the atmospheric parameters derived from
these reanalyses so that using two different reanalysis families is still
valuable for assessing uncertainty in atmospheric conditions.

Regardless of the reanalysis dataset used, we followed a unique
methodology to extract time-average atmospheric profiles at the
time and location of any event of IVESPA. Temporally, we extract
reanalysis data between the time step of the reanalysis that immedi-
ately precedes the event start and the time step that immediately
follows the event start date to which we added the best estimate for
the duration. Spatially, for all vertical levels, we find the reanalysis
Table 3
Summary of the main characteristics of the atmospheric reanalysis used to provide atmospher

Family ERA reanalysis

Name ERA-20C ERA5
Period 1900-2011 1979-present
Volcanic events for which
reanalysis is used in
IVESPA

1900-1978 1979-present

Domain global global
Model spatial resolution T159 (125 km), 91 levels TL639 (31 km), 137 leve
Output maximum
altitude

100 Pa (ca. 50 km) 100 Pa (ca. 50 km)

Output spatial resolution
used

1.0o x 1.0o, 37 levels 0.25o x 0.25o, 37 levels

Output temporal
resolution used

Three hours One hour

Reference Poli et al. (2016) Hersbach et al. (2020)
Website from which data
was retrieved

https://www.ecmwf.
int/en/forecasts/datasets/
reanalysis-datasets/era-20c

https://www.ecmwf.
int/en/forecasts/datasets
reanalysis-datasets/era5
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grid point closest to the volcano location and extract reanalysis
data corresponding to that grid point and the eight immediate
neighbours at the same vertical level. For each vertical level and
time step, we then perform a linear 2-dimensional interpolation of
extracted data at the volcano location. This method provides us
with the time series of atmospheric profiles at the volcano location.
We then simply averaged these atmospheric profiles to produce
the time-average atmospheric profiles during the event. For events
for which duration is short compared to the temporal resolution of
the reanalysis output - which we arbitrarily defined as events for
which less than four time steps were extracted - we first interpolate
the available profiles as hourly profiles between the start and end of
the event before calculating the time average. Last, in addition to
time-averaged atmospheric profiles, we also provide all atmospheric
profiles extracted for each reanalysis product (i.e. atmospheric pro-
files at each time step of the reanalysis product during each event).

In addition to providing atmospheric profiles for each event in
IVESPA, we also provide the average atmospheric Brunt-Väisälä fre-
quency (N) and the average wind speed (W) for each event. These
twoparameters enable quantification at zero order of the effect of atmo-
spheric conditions on plume rise and are used in many scaling relation-
ships relating the MER to plume height (e.g. Degruyter and Bonadonna,
2012;Woodhouse et al., 2013; Aubry et al., 2017a) aswell as in calculat-
ing dimensionless parameters governing the dynamical regime in
which volcanic columns erupt (e.g. Degruyter and Bonadonna, 2013;
Carazzo et al., 2014; Aubry et al., 2017a). We first calculated altitude-
dependent values of these parameters as

W zð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u zð Þ2 þ v zð Þ2

q
ð1Þ

for wind speed where u is the zonal wind speed, v the meridional
wind speed, and z the altitude, and

N zð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g
θ
� dθ

dz

r
ð2Þ

for the Brunt–Väisälä frequency, where g is Earth’s gravitational con-
stant and θ is the potential temperature calculated from the tempera-
ture and pressure. We then calculated the vertical average of W
(z) and N(z) to obtain N and W by using the vent altitude as the lower
integration limit and the best estimate of the top height as the upper in-
tegration limit. When no estimate of the top height was available, we
used the umbrella height instead. We provide N and W for each event
and for each of the two families of climate reanalysis used.
ic profiles for each volcanic event in IVESPA.

NOAA reanalysis

20CR NCEP-NCAR R1
1850-2014 1948-present
1900-1947 1948-present

global global
ls T62 (210 km), 28 levels T62 (210 km), 28 levels

100 Pa (ca. 50 km) 1000 Pa (ca. 30 km)

1.0o x 1.0o, 28 levels 2.5o x 2.5o, 17 levels

Three hours Six hours

Compo et al. (2011) Kalnay et al. (1996)

/
https://psl.noaa.
gov/data/gridded/data.20thC_ReanV3.
pressure.html

https://psl.noaa.
gov/data/gridded/data.ncep.
reanalysis.pressure.html
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2.2.5. Total grain size distribution
The TGSD describes the distribution of the grain size of particles

emitted during an eruptive event. TGSDs provide key insights into the
eruption process, for example fragmentation mechanisms, but are also
crucial for application of ECMs and VATDMs, and subsequent hazard as-
sessment. We systematically collected TGSDs when they were available
for IVESPA events, and provided them as comma separated value files
for each event, with the first two columns of the file corresponding to
grain size diameter in phi unit and mm, and the third column corre-
sponding to theweight fraction inweight % (wt.%). One categorical var-
iable in IVESPA informs whether a TGSD is available for each event.

While imaging techniques have been developed to estimate the
grain size of particles within a rising column (e.g. Freret-Lorgeril et al.,
2019) these techniques have typically been applied to a small number
of volcanoes and for low-intensity eruptions, and are not able to pro-
duce the full distribution of particles emitted during anevent as imagery
cannot penetrate through the rising material to capture all particles
within the rising column. Ash collection instruments have been devel-
oped to collect and enable analysis of tephra grain size at a given loca-
tion in real time during an eruption (Shimano et al., 2013), however
these are not widely used as they require access to the areas being im-
pacted by ash fall, and for correct positioning during an eruptive
event. Therefore, information on deposit grain size is typically gathered
frompost-eruptionfield analysis of deposits,wherebydeposits are sam-
pled and a grain size distribution at a given location is estimated
through sieving of coarse fractions (typically at phi or half phi intervals),
and laboratory analysis of fine fractions (for example using laser diffrac-
tion methods). Given these methods rely on identification and analysis
of a deposit, very distal deposits where thickness is less than a few
millimetres are commonly not preserved and identified, therefore bias-
ing grain size analysis to coarser fractions. Increasingly, deposit infor-
mation is supplemented with grain size information gathered from
analysis of satellite imagery (Gouhier et al., 2019) which is able to ac-
count for fine ash transported over great distances which may not be
observed when on final deposition.

To produce a TGSD requires integration of the grain size measure-
ments from across the deposit extent (Bonadonna and Houghton,
2005; Costa et al., 2016b; Pioli et al., 2019). grain size can be highly var-
iable across a deposit, depending on the complexity of the eruption and
weather patterns. To estimate TGSD, a deposit extent is commonly di-
vided spatially, with each section assumed to have the grain size of
the closest measurement, and the Voronoi Tesselation statistical
method (Bonadonna and Houghton, 2005) being the most common
method for dividing deposit extent. The Voronoi Tessellation is a good
statistical strategy to average non-uniform distribution of data; none-
theless, it cannot account for missing parts of the deposit, such as very
distal fines. As a result, the critical element to consider when compiling
a representative TGSD is the exposure, and therefore sampling, of the
deposit; the parts of the deposit that correspond to the transition of fall-
out regimes especially need to be sampled (e.g. Alfano et al., 2016; Pioli
et al., 2019). Deposit preservation and access issues are common and
the coarse proximal and/or fine distal portions of a deposit tend to be
poorly represented in existing data (e.g. Andronico et al., 2014a). In ap-
plication of statistical methods to assess TGSD, an assumption is made
on the extent over which the analysis is conducted, i.e. the location of
the zero-isomass line, and choice of this can produce large uncertainties
in the final result (Volentik et al., 2010).

In comparison to other parameters, wheremultiple observations are
made of a parameter and presented in different publications, there are
fewer events for which TGSD has been calculated because of the effort
to estimate TGSD, and limited examples where multiple TGSD are pre-
sented for the same events in different publications or fromdifferent au-
thors. However, a number of the publications from which TGSD was
gathered do contain in-depth analysis of potential uncertainties, and
show the impact of number of measurements, and their location on re-
sultant TGSD (Volentik et al., 2010). Given the nature of grain size
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methods, we did not assign uncertainty, and interpretation flags were
not allocated. Therefore, for this study, we present grain size informa-
tion as gathered from the published record, alongside a number of
metadata consisting in the number of measurements and their mini-
mum and maximum distance from the vent to allow the user to evalu-
ate potential uncertainties. Publications describing TGSDs often contain
several TGSDs produced using various different methods, and in some
cases combining model data with measured grain size data. For consis-
tency, the distributions chosen and presented herein relate to those de-
fined from analysis of the deposit. Where multiple TGSD were
presented for the same event (e.g. Volentik et al., 2010; Rose et al.,
2007), we extracted the distribution that required least interpretation
and supplementation of the field dataset. For these examples, we rec-
ommend that the user refers to the referenced paper to understand
the range of possible TGSDs.

2.2.6. Other parameters
In addition to the three key ESPs (TEM, duration and column height)

and atmospheric conditions provided for all events, the TGSD provided
when available, and their companion parameters (e.g. uncertainty, in-
terpretation flags, deposit metadata), we provide a number of parame-
ters that enable further characterization of volcanic events. Table 4 lists
these additional parameters and some of their characteristics.

Some fundamental parameters were provided for all events, such as
the volcano name, the eruptive vent latitude, longitude and altitude, or
the event start date. To facilitate cross-references between IVESPA and
other volcanological datasets, we also provide the volcano and eruption
number as retrieved from the Global Volcanism Program Volcanoes of
the World database (https://volcano.si.edu/). The combination of these
two numbers is not unique across events of IVESPA, as we commonly
gather ESPs for multiple events that occurred during a single eruption
fromone volcano. Consequently,we also provide an IVESPA identification
number (ID) unique to each event,whichweuse, for example, for naming
files that contain atmospheric profiles and TGSD of individual events. For
each event, a list of references used to constrain ESPs is provided. The
complete list of references used in IVESPA is available in Appendix A of
this paper and on the IVESPA website (ivespa.co.uk).

When we could constrain them from the literature, we provide two
categorical parameters: the “eruption style” and the “plume morphol-
ogy”. The eruption style consists of the “magmatic”, “phreatomagmatic”
and “phreatic” category and is intended to inform the extent to which
external water was involved in an eruption, an important consideration
when modelling plume dynamics (e.g. Van Eaton et al., 2012). When it
was not possible to define an eruption type, the field was left blank. The
plume morphology consists of the “weak” and “strong” categories,
when ash disperses only downwind, or downwind and upwind of the
eruptive vent. Providing these categorical parameters will enable phys-
ical volcanologists to distinguish categories of events with distinct dy-
namics when investigating the relationship between ESPs, developing/
evaluating ECMs, and estimating hazard. In particular, the assumptions
upon which the 1D ECM are built are more reasonable for weak plumes
than strong plumes (e.g. Costa et al., 2016a) so that plume modellers
using IVESPAmaywant to distinguish between strong andweakplumes
when evaluating their models (e.g. Aubry and Jellinek, 2018). Note that
the plume morphology parameter was provided solely on the basis of
direct observations of the plume, such as pictures, videos and eyewit-
ness reports. Multiple studies have proposed dimensionless parameters
that describe the transition from weak to strong plumes, but these pa-
rameters are dependent on ESPs and sometimes ECMs (e.g. Degruyter
and Bonadonna, 2013; Carazzo et al., 2014; Aubry et al., 2017b). We
thus decided not to use them so that IVESPA can also be used to further
investigate the dependence of plume morphology on ESPs.

Lastly, when they are available in the literature, we provide a num-
ber of quantitative parameters such as the deposit mass issued from
PDCs. We tried to provide an uncertainty on these parameters but
did not provide any interpretation flag. The magma water content

ivespa.co.uk


Table 4
List of parameters compiled, when available, other than the key ESPs and related parameters listed in sections 2.2.1-2.2.5

Parameter
name

Provided for
all events?
(y/n)

Quantitative (Q) or
categorical (C)
parameter?

Unit Uncer-tainty
provided?
(y/n)

Comment

Volcano name y C As obtained from the Volcanoes of the World database of the Global Volcanism Program
(GVP)

Event year y Q CE n
Event label y C Generally the month or day the event occurred, or the name of the phase or tephra

deposit layer as named in the literature
IVESPA ID y C A unique ID for IVESPA consisting of three first letters characteristic of the volcano name

followed by the event year, an underscore, and a two-digit number (e.g. ETN2001_02)
Start date &
time

y Q UTC n Specified as MM/DD/YYYY HH:MM:SS

GVP volcano
number

y Q n As obtained from the Volcanoes of the World database of the Global Volcanism Program
(GVP)

GVP eruption
number

y Q n As obtained from the Volcanoes of the World database of the Global Volcanism Program
(GVP)

Vent latitude y Q degree N n As obtained from Volcanoes of the World database of the Global Volcanism Program
(GVP)

Vent
longitude

y Q degree E n As obtained from Volcanoes of the World database of the Global Volcanism Program
(GVP)

Vent altitude y Q m a.s.l. n As obtained from reference papers for the vent specific to the eruptive event, or from the
Volcanoes of the World database of the Global Volcanism Program (GVP) if not specified
in any reference.

Eruption style n C Classified as either “magmatic”, “phreatomagmatic” or “phreatic” (White and Valentine,
2016)

Plume
morphology

n C Classified as either “weak” or “strong” (e.g. Carazzo et al., 2014)

Mass of PDC n Q kg y Obtained from the distribution of PDC deposits
Vent Diameter n Q m y If available from volcanological observations
Exit velocity n Q m s-1 y Obtained from ballistic trajectory modelling or remote sensing measurements such as

Doppler radar or thermal cameras (Marzano et al., 2020)
Magma water
content

n Q wt.% y Representative of dissolved volatiles; obtained from measurement of the water content
of melt inclusions

Magma
temperature

n Q degree C y Obtained from petrological studies

References y C List of references used to provide information for the event. The reference list is available
on the IVESPA website and in Appendix A of this paper.
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(dissolved volatiles) and temperatures, where available, were obtained
from petrological studies (e.g. Métrich et al., 2004). The vent diameter
and exit velocity estimates provided rely only on measurementd inde-
pendent of ECMs and key ESPs such as the TEM, the plume height, or
the MER. Constraint on these two parameters are typically very crude,
with vent diameter generally obtained from visual observations (e.g.
Calvari et al., 2011) and exit velocity generally obtained from a camera
recording or ballistic estimates (e.g. Marzano et al., 2020).

2.3. Access to data and data policy

The information in the dataset is intended for use in evaluating ECMs
by providing the required inputs for initiating models, and outputs for
testing results against observations. The information may also be used
to investigate relationships between eruption and environmental (e.g.
atmospheric) characteristics and key eruption parameters such as col-
umn height. The data was originally compiled as a spreadsheet, with at-
mospheric profiles and TGSD information held within separate csv files.
The dataset has been converted into a relational database to hold the
data in a structured manner for structured querying using volcano and
other characteristics. The creation of the database is undertaken by Brit-
ish Geological Survey as part of the Global Volcano Model. A searchable
interface will be made available in the future using the relational data-
base to allow easy access to the data such that it can be searched accord-
ing to these parameters.

The dataset can be downloaded as a single excel spreadsheet from
ivespa.co.uk, providing all eruption information in one place. TGSD
and atmospheric information can also be downloaded as separate
files. For transparency, we also provide spreadsheets containing all
12
key ESP values initially suggested by individual DCs, as well as summa-
rizing discussions that led to choices of consensual values used in
IVESPA. To facilitate updates and allow community interaction with
the dataset, there is contact form to allow suggestion of further erup-
tions for consideration in the database or to provide feedback on
existing entries.

When using any data from IVESPA, we require users to cite IVESPA
following the latest citation and acknowledgement policy provided on
the IVESPA website (ivespa.co.uk). The production of the database
used information from a large number of resources, with the parame-
ters often requiring considerable effort to constrain (for example see
discussions on TEM and TGSD in section 2.2). Consequently, we strongly
encourage IVESPA users to cite the data sources and references cited
within the IVESPA when simulating a particular event or comparing a
small number of events using information within IVESPA. When using
atmospheric information from the database, we also recommend that
users cite the reference paper for climate reanalyses (see Table 3) and
use appropriate formulas in the acknowledgement (see Acknowledge-
ments section of this study).

3. Overview of collected data

Following the methodologies described in section 2, we collected
ESPs for 134 explosive volcanic events between 1902 and 2016 that ful-
filled the entry criteria of the database. Fig. 3 shows the spatial and tem-
poral distribution of these eruptive events. They are associated with 45
different volcanoes and 70 distinct eruptions, using the GVP eruption
number to distinguish eruptions. The two volcanoes contributing the
most events to the database are Mount Redoubt (Alaska, USA) with 24

ivespa.co.uk
ivespa.co.uk


Fig. 3. Top: Location of volcanoes with eruptive events that are included in IVESPA. Symbol size is larger for volcanoes with more included events. Bottom: Number of included eruptions
and eruptive events per decade since 1900.
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events and Mount Etna (Italy) with 14 events. The 1989-1990 eruption
of Mount Redoubt alone contributed 18 events with distinct sets of key
ESP estimates available. The number of events in specific geographical
areas in the new database is now comparable to the total number of
events in some recent ESP datasets with atmospheric conditions (e.g.
10 events in Girault et al. (2014), 25 events in Mastin (2014)). For ex-
ample, Central America contributes 22 events from 9 volcanoes,
Iceland contributes 13 events from 3 volcanoes and Chile contributes
12 events from 6 volcanoes. However, the database still contains only
a handful of events that occurred in the Southeast Asia/Oceania region
despite it being a highly active volcanic region (Jenkins et al., 2012).
Heights of eruptive plumes of major eruptions in this area are com-
monly available (e.g. Tupper and Wunderman, 2009; Syahbana et al.,
2019), but tephra volume or mass derived from the deposit are rarely
quantified.

Unsurprisingly, the number of events for which data is available has
increased in recent decades, with the only exception being the 2010’s
because of the lag between eruptive events and the time of publication
of papers documenting ESPs, in particular themass or volume of the de-
posit. With the beginning of the satellite era (late 1970’s/early 1980’s),
the number of events in the database strongly increases as plumeheight
estimates based on remote sensing became almost systematically avail-
able (Engwell et al., 2021). The main limitation for volcanic events to
13
fulfil our database entrance criteria is then the availability of deposit-
derived mass or volume estimates required to obtain the TEM. Before
the satellite era, in addition to fewer deposits being studied and less
mass/volume estimate being available, plume height was commonly
only constrained by the isopleth method (Carey and Sparks, 1986).
Such estimates were not included in this database because of depen-
dence on the deposit, atmospheric conditions, and plume modelling
(section 2).

A key advance over previouswork is the distinction of three different
column heights (top height, spreading height and SO2 height), with at
least one of these being available for each event. Fig. 4 shows the frac-
tion of events forwhich each of these heights is available. The top height
of the plume is available for 97% of the events, whereas the spreading
and SO2 heights are constrained for only 31% and 21% of the events re-
spectively. The availability of other select ESPs is also shown in Fig. 4.
Two parameters that are frequently constrained are the PDC mass
(81% of events) and the mass fraction of water vapor (54% of events).
The TGSD, whose importance for plume and dispersion dynamics is in-
creasingly recognized, is only available for 21% of the events. However,
this still represents a total of 28 events for which duration, erupted
mass, plume height, atmospheric conditions and TGSD are available
which is three times more than in Girault et al. (2014) or the database
of the IAVCEI THM. Parameters such as the vent radius and exit velocity,



Fig. 4.Availability of select parameters collected in thedatabase.White numbers in eachbar provide the number of events (out of 134) forwhich theparameter is available. Note that for all
eruptive events, we were able to document at least one of the three column heights (See Fig. 2 for definitions).
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which are particularly important for understanding the stability of vol-
canic columns, are rarely constrained (<10% of events). Whereas the
eruption style (magmatic, phreatomagmatic or phreatic) is commonly
explicitly characterized in the literature (75%of events), theplumemor-
phology (weak or strong) is characterized for only 33% of the events.
This represents an important challenge for 1D plume modelling as as-
sumptions underlying the models are not valid in the umbrella region
of a strong plume, and distinguishingweak versus strong plumes is use-
ful when evaluating and calibrating these models (e.g. Aubry and
Jellinek, 2018). Lastly, even though a mass or volume estimate is re-
quired for an event to be considered, metadata on the deposit and its
mapping (such as the number of samples, spatial distribution and dis-
tance from the vent) is available for around 70% of the events.

Fig. 5 shows distributions of the three key ESPs, as well as their
uncertainties and associated interpretation flag values (Fig. 1). TEM
values cover six orders of magnitude and event duration values cover
five orders of magnitude. Their ratio, the MER, covers seven orders of
magnitude. Whereas many large magnitude events were characterized
in previous datasets (e.g. Mastin et al., 2009; Mastin, 2014; Aubry et al.,
2017a), our extensive compilation means that almost half of the events
in our database erupted less than 1010 kg of tephra. The new database
thus provides a much more complete range of events to characterize
plume dynamics and evaluate ECMs. Fig. 5 also shows distributions of
uncertainties for TEM, duration and plume height. Unsurprisingly, the
ESP subject to the highest uncertainty is the TEM, with relative
uncertainty commonly between 200 and 500%. Height uncertainties
are as high as 80%. Duration uncertainty is generally below 65%.
However, in contrast to the TEM and heights for which the frequency
of events clearly decreases with higher uncertainty, the distribution of
duration uncertainty is more uniform. This reflects the multiple chal-
lenges encountered when estimating duration from the literature (see
section 2.2.2).

For all key ESPs, the distribution of interpretation flags is skewed to
higher values for uncertainties, while flags for best estimates are
skewed to lower values. This reflects difficulties in finding rigorous con-
straints on uncertainties on ESP values quoted in the literature, but a
confidence from DCs in extracting an estimate for the best value. For
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TEM, the best estimate flag is 0 for over 80% of events, reflecting a rela-
tively well-established methodology for calculation and presentation of
this parameter. However, flag values for TEM uncertainty are polarized
between 0 and 2. This reflects that rigorous uncertainty quantification
has often not been attempted with authors commonly providing
rough estimates with limited justification in most examples. However,
in recent years, increased efforts have been devoted to quantifying un-
certainties in TEM (Biass and Bonadonna, 2011; Bonadonna and Costa,
2012, 2013; Engwell et al., 2013; Klawonn et al., 2014a, 2014b;
Bonadonna et al., 2015a) and estimates for recent events more often in-
clude a rigorous uncertainty quantification, at least of the uncertainty
related to the integration method used to convert thinning trends into
a volume or mass. In contrast with the TEM best estimate, flags for du-
ration best estimate show the lowest fraction of flags 0 and the highest
fraction of flag 2, a consequence of themultiple challenges encountered
when compiling duration as discussed above and in section 2.2.2.When
assessing plume height, only ca. 60% of events have a flag 0 for the best
estimate. In addition to difficulties related to sparse information for
older events, recent events are commonly affected by: i) a lack of clarity
on which kind of height is reported in the literature (e.g. spreading
height vs. top height); and ii) a lack of temporal and contextual informa-
tion accompanying plume height estimates, making it challenging to
provide an estimate for the height averaged over the duration of the
event.

In addition to the three key ESPs discussed above, atmospheric
profiles from two different climate reanalysis are available for each
event, and we derived the vertically-averaged Brunt-Väisälä frequency
(eq. 2) and wind speed (eq. 1) from these profiles (section 2.2.4). The
distribution of these parameters and their uncertainties is shown in
Fig. 6. Thanks to the large span of locations (Fig. 3) and seasons (not
shown) covered by events in the database, both parameters vary
over a large range, with the average Brunt-Väisälä frequency varying
between 0.008 and 0.02 s-1 and the average wind speed varying be-
tween 3 and 40 m s-1. Differences in the Brunt-Väisälä frequency be-
tween the two reanalyses do not exceed a few percent. However,
differences in wind speed are up to 45%, with a large number of
events having differences in wind speed over 10%. This suggests that



Fig. 5.Distributions of best estimate (top), relative uncertainty (middle) and their flags (bottom) for the total eruptedmass (TEM, left), duration (centre) and heights (right, including top
height, spreading height and SO2 heights altogether) in IVESPA.
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compiling atmospheric conditions from multiple sources is important
for quantifying ESP uncertainties and their propagation through
plume modelling.
Fig. 6. Distributions of the vertically-averaged wind speed (left) and Brunt-Väisälä (BV) freque
from the NOAA reanalyses and ERA reanalyses (see section 2.2.4), and the bottom panels show
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Finally, Fig. 7 shows the TGSD of the 28 events for which it is avail-
able in the database. There are only 24 distinct TGSDs because, for the
eruptions of Etna in 2002 and Grímsvötn in 2004, only a single TGSD
ncy (right) across all events in the database. Top panels show themean of values obtained
their relative differences.



Fig. 7. Total grain size distributions of all eruptive events in the database, shown as the cumulativemass percent coarser than each size class in phi units. Magmatic events are plottedwith
solid lines, phreatomagmatic with dashed lines. Darker lines correspond to events with higher mass eruption rates.
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was reconstructed for the whole eruption. However, each eruption
contained multiple events in the sense used in this paper, i.e. with key
ESPs independently constrained (Jude-Eton et al., 2012; Pioli et al.,
2019). For comparison, most ESP datasets do not include TGSDs
(Table 1); the IAVCEI THM database included 7 events with TGSD in ad-
dition to other key ESPs. A number of the TGSDs show discontinuous
trends, associated with bimodal distributions. TGSDs of the database
events show tremendous variability with themedian grain size varying
between φ=2 and φ =-4 (i.e., 0.25 mm & 16 mm). All in all, IVESPA
covers an unprecedented range of MER, atmospheric conditions and
TGSDs which should be particularly valuable to test and develop ECMs
across a wide range of eruptive conditions.
4. Uncertainty in collection of key ESPs

4.1. Differences among estimates for two case studies: Calbuco 2015 and
Fuego 1971

In gathering data for IVESPA, we investigated DC assumptions dur-
ing data collection by asking eight DCs to provide key ESPs along with
their uncertainties and flags for two eruptions: Calbuco 2015 and
Fuego 1971. These two eruptions were chosen because they cover the
spectrum of well-observed (Calbuco) and poorly observed (Fuego)
eruptions. No guidance was provided regarding the resources to use,
but DCs were asked to strictly follow the definition of key ESPs given
in section 2.2. Fig. 8 shows the ESP value given by each DC, with symbol
shape showing the interpretationflag for the best estimate and the sym-
bol colour showing the interpretation flag for uncertainty (section
2.1.3). For both the Calbuco 22nd April and 23rd April 2015 events and
the Fuego 1971 eruption, data on TEM, duration and top height were
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collected. Information on spreading height and SO2 height were also
collected for the Calbuco events.

The results in Fig. 8 show that estimates for duration and spreading
height are consistent across the different contributors for the Calbuco
examples. Interestingly, this consistency stems from very different rea-
sons for both parameters. For the duration, all DCs were in excellent
agreement and used low-value of interpretation flags thanks to a large
number of sources agreeing on duration estimate (see section 2.2.2).
In contrast, all DCs used the same reference for the spreading height
(Van Eaton et al., 2016), so that the agreement comes from having
only one published source. Final flag values chosen for the uncertainty
on the spreading height was 2, reflecting the fact that we had no other
source providing an estimate for this parameter and that little informa-
tion on uncertainty was provided in Van Eaton et al. (2016).

In comparison to duration and spreading height, the results for TEM,
plume top height, and SO2 height aremore variable, with fewer contrib-
utors providing data for these parameters. The latter fact reflects that a
particularly thorough search of the literature was required to find esti-
mates for these parameters, so that some DCs could not find any
value. This highlights the value in having two DCs independently com-
piling key ESP for each event in the database. For TEM,while parameters
were provided bymost contributors, the uncertainties for these param-
eters were high, and a number of contributors indicated that their esti-
mates required some interpretation of the literature (flag 1), while one
contributor noted that their response required significant interpretation
of the literature (flag 2). In terms of uncertainties, the majority of con-
tributors gave an uncertainty flag of 1, indicating that their estimates re-
quired interpretation of the literature; two contributors gave an
uncertainty flag of 2, indicating that significant interpretation of the lit-
erature required. Interestingly, the final consensual value has a flag 0 for
the uncertainty. The reason is that there was variety in both the



Fig. 8. Consensual values (CV) of key eruption source parameters vs. those originally compiled by individual data compilers (DCs) for the Calbuco 2015 (first 2 columns) and Fuego 1971
(last column) eruptions. The first row shows the total eruptedmass (TEM), the second row shows the duration, and the bottom three rows show the different column heights. The symbol
shape relates to the interpretation flag value for the best estimate whereas the symbol color relates to the interpretation flag of the uncertainty.
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references used among the DCs and the interpretation of these refer-
ences. As a consequence, the uncertainty provided covered all possible
interpretations and we were highly confident that the true value for
TEM lies within the uncertainties provided. In general, more DCs pro-
vided uncertainty information for TEM than for other parameters. This
reflects the fact that uncertainty estimates for TEM are commonly ex-
plicitly provided in individual references, which is not the case for
other parameters requiring the DC to evaluate uncertainty using dis-
crepancies between different sources, heavily interpret these sources,
or take educated guesses. TEM is one of the most uncertain parameters
among those providedwhich is likelywhyefforts to provide uncertainty
on it are more common in the literature.

Results for the TEM provided for the 1971 Fuego eruption are highly
variable in terms of best estimate, uncertainty, and their associated
flags. First, most of the best estimates provided agree within a factor of
3, with the exception of the estimate of one DC which is three orders of
magnitude lower. This is the result of a trivial mistake, with the corre-
sponding DC forgetting to convert the volume estimate found into a
mass estimate using the deposit density. Although such mistakes are rel-
atively rare, they are inevitable when reading hundreds of references to
find ESPs of dozens of eruptions. This highlights again the value of having
two DC independently gathering key ESPs for each eruption. Most DCs
used the Rose et al. (1973) study to find a volume and density for the de-
posit. However, this study provides no details on how isopachmapswere
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integrated to obtain a volume, and the 6x107 m3 volume quoted is re-
ported as a minimum volume, with the mention that the true volume
“could easily be twice theminimumquoted”with no further explanation.
As a consequence,DCs useddifferent strategies to reportwhat thebest es-
timate is, from using the minimum volume quoted to rounding it up to
doubling it, with only 3 DCs out of 8 reporting a flag 0 for the best esti-
mate. However, oneDC found an additional studywith a volume estimate
for this eruption. In a study testing three methods to estimate a volume
from isopach map, Sulpizio (2005) reanalysed the erupted volume of a
large number of eruptions including the Fuego 1971 eruption using iso-
pach maps of Rose et al. (1973). In addition to his clear methods, the
range of volume found by Sulpizio (1.4-1.8x108m3) is in excellent agree-
ment with the unsupported claim by Rose et al. (1973) that the best vol-
ume estimate was twice their minimum estimate. As a consequence, we
deemed that the best volume estimate was 1.4x108 m3 and attributed a
flag of 0 to the best estimate, with two studies supporting this value.
This represents an example where an initially wide range of approaches
from DCs with high flag values resulted in a flag value of 0, because the
approach of one of the DCs prevailed, in this case because the additional
reference found enabled more confidence in estimating the erupted vol-
ume. As for the uncertainty, we decided to use the minimum volume es-
timate to propose a lower bound. The difference between our chosen
value (1.4x108 m3) and the highest estimate of Sulpizio (2005) was
very small and it was decided there was not enough information to
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provide an upper bound on the uncertainty, in particular given the lack of
information on density uncertainty to convert volume into TEM. For the
same reason, we attributed a flag 2 to the uncertainty provided.

In comparison to results from the Calbuco 2015 examples, there is a
relatively large range of estimates for duration for Fuego 1971, mostly
caused by the fact that two different references (Rose et al., 1973;
Bonis and Salazar, 1973) quote durations of 10 and 12 hours respec-
tively. DCs who found both references generally proposed a value of
11±1 hour, which was the approach that prevailed. Last, constraining
a value for plume height also proved challenging with individual DC
values ranging from 10 to 16 km a.s.l. or 6.2 to 12.2 km a.v.l., and most
DCs not providing any uncertainty. The only information that DCs
could find regarding the eruptive plume height is the following quote
from Bonis and Salazar (1973): “eruption clouds reached over 10,000
m in height”. With no other contextual information available, each DC
had to interpret or guess the following information: i) Is the value
quoted a.v.l. or a.s.l.? ii) Is the value quoted most representative of the
ash top height or ash umbrella height? iii) How high does “over 10,
000m”mean? iv) Is the height quotedmore representative of themax-
imum reached during the eruption or of a time-averaged value, which is
what we aim to provide in IVESPA? Given these considerations the
range of values proposed by DCs can be regarded as low, andwe settled
for an ash top height value of 12±5 kma.s.l. with a flag 1 for the best es-
timate and 2 for the uncertainty. The flag value for the best estimate
could easily be 2, but individual DCs did not initially think about all po-
tential interpretations of the quote raised above and none of them sug-
gested a flag value of 2, so that it was decided tomaintain a value of 1. It
is our hope that the true value cannot lie outside the range provided, but
if Bonis and Salazar (1973) provided an a.v.l. height for the umbrella
height that is representative of the the time-averaged height, this
would mean that the 10 km value quoted could correspond to a ca.
17 km value in terms of average top height a.s.l.. This represents our
upper bound but the height is said to be “over” this value so our uncer-
tainty choice could have been even more conservative.
4.2. Difference among data compiler estimates across all events

For each event of IVESPA, estimates of parameters were provided by
at least two DCs, and the results were discussed and combined to pro-
duce a final consensual value. Comparing the initial estimates with the
Fig. 9. Scatter plots of values initially compiled by data compilers (DCs) vs final consensual val
(right). Symbol color relates to the value of the interpretation flag for the best estimate. Thick d
97.5th quantiles of the ratio of DC estimate to consensual value (the corresponding slopes are
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consensual estimate reveals significant differences for each of the key
ESPs (Fig. 9). For each parameter, we also calculated the 2.5th and
97.5th quantile of the distribution of the ratio between DC values and
final consensual values. Dotted lines in Fig. 9 correspond to these two
ratios, with 95% of the data falling in between. Unsurprisingly, the pa-
rameter with the most discrepancy is the TEM, with 95% of the consen-
sual values falling between 30% and 220% of initial DCs estimates,
whereas the parameter with the least discrepancy is the top height,
with 95% of the consensual values falling between 70% and 140% of ini-
tial DCs estimates. For TEM, the consensual values reached show up to
three orders of magnitude difference with initial DC estimates in a few
cases. Most of these extreme discrepancies correspond to either mis-
reporting of a value or incorrect data processing (e.g. volume to mass
conversion) by one of the DCs (as illustrated for Fuego 1971 in the pre-
vious section). After discussion between the two or more DCs working
on the same event, such trivial discrepancies are often easily resolved
which explains the counter-intuitive result that events with the highest
discrepancies commonly have interpretation flag values of 0. The
greatest discrepancies for top height reach a factor of 3. In contrast
with TEM, top heights with the most extreme discrepancies often
have flag values of 1 or 2. Although mis-reporting or mis-processing
(e.g. in converting an a.v.l. height into a.s.l.) of heights did happen, dis-
cussion on how to interpret plume height data was the main reason for
initial discrepancies between DC estimates, resulting in higher flag
values (also see Fig. 5). Last, duration had discrepancies almost as signif-
icant as the TEM, with 95% of the consensual values falling between 30%
and 200% of initial DCs estimates. Large discrepancies commonly exist
in values found in the literature because of different definitions and
methodologies applied (see section 2.2.2), and these definitions and
methods are sometimes not documented. This results in discrepancies
in values reported by different DCs. However, it should be noted that
many events with a flag 2 (significant interpretation required) fall
close to the 1:1 line showing that for the events requiring the most in-
terpretation, DCs commonly agreed. Furthermore, events with the
highest discrepancy commonly have flag values of 0 or 1, showing
that trivial reporting or incorrect interpretation were often the cause
of discrepancy and were resolved easily.

All in all, Fig. 9 shows:

1. Having at least two expert DCs independently compiling key ESPs of
each event is valuable in order to highlight discrepancies in
ues provided in the database for the TEM (left), duration (center), and the column height
ashed lines correspond to the 1:1 lines and thin dotted lines which slopes are the 2.5th and
reported in legend).
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approach, difference in literature sources consulted, and can help
identify transcription and conversion errors thatwould not be appar-
ent with only one DC.

2. The scatter in data between the DC values and the consensual values
highlights the role of the individual level of interpretation required for
both best estimates and uncertainty values. The interpretation flags
allow us to report this level of interpretation in a consistent way.
These two features of IVESPA (multiple DCs vetting each event and

interpretation flags) ensure a higher quality of the data provided as
well as better information on the amount of interpretation and discus-
sion that went into each value provided. In the long-term, we hope
that these steps will be complemented by user feedback and contribu-
tions to the online IVESPA database.

4.3. Comparison with previous ESP datasets

Several ESP datasets have been produced over the past few decades
(e.g. Table 1). Comparison of the ESPs estimated in this studywith those
estimated in Mastin (2014), Aubry et al. (2017a) and the IAVCEI THM
original database are presented in Fig. 10.We chose these three datasets
for comparison because they are relatively recent and like IVESPA, all
events have atmospheric conditions available. Themajority of TEM esti-
mated in IVESPA fall on or close to a 1:1 line with those from Mastin
(2014). However, there are a couple of examples where the parameters
estimated herein fall at a distance of one order of magnitude from the
1:1 line. These examples have a flag 0, indicating that these
Fig. 10. Scatter plots of consensual key ESPs from published literature of independently estima
show results for theMastin (2014), Aubry et al. (2017a) and IAVCEI THMdataset from top to bot
The root mean squared error, calculated on a log scale, is reported in each panel along with th
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discrepancies relate to data source rather than interpretation. The
IVESPA data largely fall on a 1:1 line with that estimated previously by
Aubry et al. (2017a), a result of these authors compiling a large portion
of the data for IVESPA and of the relatively close ESP definitions used for
IVESPA and in Aubry et al. (2017a), e.g. plume height aiming to be rep-
resentative of a time-averaged value rather than themaximum reached
over the eruption duration. Such similarities also hold for the duration
and top height.

There is slightly more discrepancy when comparing IVESPA esti-
mates of duration with those previously published by Mastin (2014),
with some occasions where there is more than one order of magnitude
difference between the parameters. Differences are also observed be-
tween data within the IVESPA dataset and previous datasets when con-
sidering plume height.While there is little difference for themajority of
examples, there are some notable deviations from the 1:1 line, particu-
larly when comparing IVESPA data with that fromMastin (2014). As for
duration, these examples were given a flag of 0, whereby the published
data required no interpretation, and therefore, we attribute these differ-
ences to be due to the use of different data sources.

5. Future developments and applications

5.1. Potential future developments of IVESPA version 1.0

While IVESPA version 1.0 is the most comprehensive dataset of its
kind (see Table 1), a number of lessons were learnt during its
ted eruption source parameters in IVESPA versus previously published ESP datasets. Plots
tom, and for TEM, duration and top height from left to right. Dashed lines show the1:1 line.
e number of events used to calculate it.
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production that can be used to inform future developments of the data-
base and other similar efforts. First, a number of relatively straightfor-
ward parameters can and will be added to IVESPA as part of future
developments. These parameters include:

• A categorical parameter indicating the methods used to integrate the
isopach or isomass maps and obtain a deposit volume or mass (e.g.
power-law, exponential, Weibull; see Bonadonna et al., 2015a) in
the reference(s) used to provide the TEM estimate and its uncertainty
in IVESPA.

• A flag parameter indicating whether PDCs occurred for the events for
which we could not constrain the PDC mass.

• The mass of SO2 erupted by each event, which would enable synergy
between IVESPA and volcanic SO2 databases (e.g. Carn et al., 2016),
and in turn better link the volcanology and the volcano-climate inter-
action communities.

• Petrological parameters including bulk and glass composition, and
crystal content. These provide constraints for rheology, temperature
and crystal content of magma that are necessary for conduit models
that may be used as input to eruption column models (e.g. Hess
et al., 1995; La Spina and Burton, 2015; Wallace et al., 2015).

• Atmospheric profiles from direct observations, in addition to those
from climate reanalyses compiled for IVESPA version 1.0. One of the
easiest datasets to take advantage of to add direct observations of
atmospheric profiles is the atmospheric soundings compiled by the
University of Wyoming (http://www.weather.uwyo.edu/upperair/
sounding.html). While atmospheric soundings are not available for
the older events, and the weather station(s) used may be distant
from the volcano of interest, this dataset should cover at least half of
the events within IVESPA.

Although relatively simple, the compilation of these parameters for
over 130 events is time-consuming and they were suggested too late
in the IVESPA production process to be included in version 1.0.

Second, within the database, ESPs and their uncertainty are taken di-
rectly from the published record. For different eruptions, they are calcu-
lated in differentwayswhichmay lead to systematic bias in IVESPA. One
potential solution in future efforts is to collect the raw data used to de-
rive ESPs, and re-analyze ESPs and their uncertainties usingmethodolo-
gies consistent across the database. In particular, raw thickness ormass/
areameasurements, or alternatively isopach and isomassmaps could be
collected for all events for which they are available in IVESPA. This
would enable a consistent reanalysis of TEM with a rigorous propaga-
tion of uncertainties at each step of the TEM calculation (see section
2.2.1) and using state of the art methods, e.g. for drawing of isopach/
isomass maps and their integration to obtain a volume or mass (e.g.
Engwell et al., 2015; Yang and Bursik, 2016). Similar efforts could be
conducted for investigating uncertainties around plume heights from
satellite instruments, through ensuring the same methodology and as-
sumptions are madewhen assessing plume heights for different events.
For example, the Infrared Atmospheric Sounding Interferometer (IASI),
with the first instrument launched in 2006, has been used to estimate
the heights of SO2 emissions from multiple eruptions (e.g. Carboni
et al., 2016). However, IASI-derived SO2 heights have not been found
for all of the events in IVESPA that occurred since IASI became opera-
tional, and the retrieval scheme and data selection (e.g. excluding or in-
cluding distal measurements)may differ between different studies. The
addition of SO2 heights from IASI retrievals could thus provide a new
specific heightmeasurement in IVESPAwith a great level of consistency.
Similar reanalysis of satellite products could be applied toGeostationary
Satellites, commonly used to derive the top and spreading heights using
the temperature method.

Third, in this study, field-derived TEM and durationwere used to es-
timate MER, and as such, the resultant MER is an average across an
event and does not account for variations through an eruption, where
peak MER can be very high. Direct measurements of MER are scarce
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and very difficult as shown in Gouhier and Donnadieu (2008) using
ground-based Doppler radar. More recently, efforts to measure MER
from other methods have focussed on the use of umbrella cloud or
downwind plume growth rates (Costa et al., 2013a; Pouget et al.,
2013, 2016a; Hargie et al., 2019). Bear-Crozier et al. (2020) compared
umbrella growthMERwith columnheightMER, and suggested that um-
brella growth MER yields a more nuanced picture of MER variations
than does the column height method. While application of such
methods is only possible for eruptions with spreading umbrella clouds,
analysis of variance in MER of these examples could help better inform
uncertainties on MER without using deposit mass, and we plan to in-
clude MER estimates derived from umbrella growth rate and other
methods (e.g. ground-based radar measurements, Freret-Lorgeril
et al., 2018) in future versions of IVESPA. In relation to MER, the TEM
currently provided in IVESPA are derived fromgrounddeposits sampled
as soon as possible after the eruption. However, distal deposits may lack
a significant amount of the far-travelled fine ash fraction. To overcome
this issue, satellite measurements have been used to assess the fine
ash mass lost in the atmosphere and better constrain the actual TEM.
In Gouhier et al. (2019) the systematic analysis of the airborne fine
ash fraction for 22 eruptions allowed quantification of the airborne
fine ash flow rate. Including these parameters in IVESPAwould comple-
ment the field-derived TEM estimate provided and reduce uncertainties
in MER.

Finally, the eruptions contained within this database consist of a rel-
atively small subset of eruption types, and the parameters collected do
not allow for description of the full range of eruptive behaviour. For ex-
ample, we provide a single, time-averaged value for the three types of
column height provided (section 2.2.3). However, observations of nu-
merous eruptions show that spreading can occur at multiple heights,
and that plumes are commonly not steady-state resulting in a variation
in plume height with time (e.g. Arason et al., 2011). Future iterations of
the database could include time series of plume height data and infor-
mation on plumes when spreading occurs at multiple levels. Of particu-
lar importance for weak plumes (e.g. discussion in Mastin (2014),
Devenish (2016), Aubry and Jellinek (2018)), distinguishing between
the bottom, center and top height of the downwind spreading plume
(Fig. 2) is critical for ECM evaluation and this distinction could be
added in future versions of the database. In addition, we focus on explo-
sive eruptive events, but analysis of height of SO2 could extend to a
broader range of eruptions including effusive eruptions (e.g. Hyman
et al., 2018), providing more insight into the behaviour of gas emission
and dispersion during eruptions.

5.2. Presenting eruption source parameters in the published record

There are a number of community endorsed publicationswhich pro-
vide recommendations on best practice for collection and analysis of
tephra deposits (Bonadonna et al., 2013;Wallace et al., 2020). However,
while guidelines exist for data collection, few recommendations exist
for best practice of presenting eruption observations and characteristic
data in the published record. The production of IVESPA involved analy-
sis of field and eruption observational data from more than 300 papers
and data sources (section 2.1.2). The information sourced, and its format
can vary significantly across these studies. Here, we highlight challenges
in the way information is presented in the published record, with the
aim to inform future publication of field and observation data so that
data can be fully utilised in similar future studies.

First, only a small number of publications and resources exist that
contain field measurements and eruption observations that can be eas-
ily extracted and used for modelling purposes (the IAVCEI tephra data-
base is one such example). Presentation of raw field and observational
data (e.g. tephra thickness and locations, height time series, grain size
information at different locations) and associated metadata, alongside
eruption IDs such as the GVP eruption ID, would enable direct compar-
ison of datasets from different eruptions, making future studies on



Table 5
Suggestions for information to report when publishing ESP information

Parameter Unit Parameter considerations

Column
height

km a.s.l. or a.v.l.
(clearly defined)

- Note what height refers to, e.g. top of
column, top of the spreading umbrella,
bottom of the umbrella (see Fig. 2)

- Detail technique used
- When using satellite imagery, note location

plume height derived, e.g. close to vent or
at distance downwind

- When a minimum plume height given,
provide any observations constraining
plume max height

Total
erupted
mass

kg - Note density used if converting from vol-
ume to mass

- Detail number of measurements
- Detail technique used for integrating mea-

surement data
- If possible, make raw measurements

available
Total
erupted
volume

Cubic m or km - Detail number of measurements
- Detail technique used for integrating mea-

surement data
- If possible, make raw measurements

available
Duration hr:min:sec - Note start time of eruption, and the activity

that this is used to define this (e.g. start of
ash emission, seismic information)

- Note end time of event and activity used to
define this (e.g end of ash emission, end of
ashfall, seismic information)

- Note time zone time information presented
in, and ideally include UTC conversions

Uncertainty considerations appropriate for all parameters
How is uncertainty defined?
What does uncertainty refer to?
What are the units of uncertainty?
What level of confidence (ideally expressed in % or numbers of standard deviation)
is associated with the uncertainty provided?
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defining empirical relationships between eruption characteristics more
efficient.

Second, columnheight is a commonly described parameter in the lit-
erature, however in some cases, it is not clearwhether values presented
relate to a.s.l. or a.v.l. heightwhich could relate to errors in plume height
of several kilometres. In addition, it is not always statedwhat part of the
column themeasured height refers to (see Fig. 2), and the location of the
measurement, for example directly above the volcano, or at some dis-
tance downwind. Moreover, as the column height may change with
time it is important to know when and how the column height is esti-
mated (e.g. during the phase of greatest intensity, or during all eruptive
phases). Finally, a number of publications report a minimum column
height, and where possible it would be advantageous to also include in-
formation that constrains the maximum plume height. Consistently
reporting on the details of the measurements would enable reduction
of uncertainty when comparing different datasets, and when
categorising data.

Third, while characteristics such as column height are defined nu-
merically, duration is often presented in a more descriptive manner,
making it difficult for the reader to interpret the start and end time of
an eruptive event, and therefore an accurate assessment of duration.
In a number of the examples used in this study, it was difficult to define
whether presented duration related to, for example, the sustained ash
emission, paroxysmal ash emission or seismic duration, resulting in
greater uncertainty flags. Consequently, it is important to add themeth-
odology used in the estimation of the duration. Furthermore, the com-
bined use of different sensors (e.g. thermal and visible cameras,
satellites, geophysical sensors) could be valuable to discriminate the dif-
ferent eruptive phases and estimate the duration for each of them
(Corradini et al., 2020).

Last, uncertainty is calculated by different methods for different pa-
rameters, and a number of methods are applied for estimation of vari-
ous types of uncertainty for the same parameter (for example,
uncertainty of TEM may be related to number of measurements, statis-
tical method applied for interpolation of data, assessment of howmuch
of the distal/ proximal deposit is missing), but these uncertainties are
rarely propagated. Ensuring that enough information is presented to
allow the reader to understand how uncertainty was definedwould en-
able more consistent use of data across studies. Where not possible to
present uncertainties, presentingmetadata (e.g. number of data points)
would enable the reader to make an informed assessment of potential
uncertainties on data.

Based on these observations, we compile in Table 5, recommenda-
tions for presenting observational data on volcanic eruptions in
literature.

5.3. Potential future applications of IVESPA

Given the popularity of simple scaling relationships and their critical
importance for initialization of VATDMs (see section 1), one of the first
contributions of our working group will be a short study evaluating and
calibrating existing relationships, including those accounting for atmo-
spheric conditions (e.g. Degruyter and Bonadonna, 2012; Woodhouse
et al., 2013; Carazzo et al., 2014; Aubry et al., 2017a), using IVESPA,
and potentially proposing a new relationship which better explains
the data. This ongoing work will account for uncertainties constrained
in IVESPA, derive relationships for the three different types of heights
available (top, spreading and SO2) and shed light on the dependence
of these relationships on parameters such as the eruption style or the
occurrence of PDCs.

Beyond this preliminary and relatively simple application of IVESPA,
theprimary objective of our database is to support the development and
evaluation of ECMs of various complexities (0D, 1D, 3D). Consequently,
it is our hope that the database will be applied by the volcanology com-
munity to answer some of the key questions pertaining to themodelling
of eruptive column including:
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• To what extent are sophisticated ECMs better than relatively simple
ones at linking the column height to the MER?

• What are the most important factors (e.g. wind speed profile, TGSD,
eruption style) modulating the relationship between plume height
and MER?

• Canwe improve constraints on empirical parameters used in ECMs, in
particular entrainment rates in 1D models, using observations of nat-
ural eruptions?

• Can any of our ECMs predict column height (or invert MER) within
observational uncertainty?

Critically, with significant efforts devoted to providing and
informing uncertainties in IVESPA, the above questions can and should
now be systematically answeredwith an extensive approach to account
for uncertainty propagation in ECMs. Strategies such as Monte Carlo
sampling (e.g. Aubry et al., 2017b; Aubry and Jellinek, 2018; Michaud-
Dubuy et al., 2020) or history matching (Woodhouse et al., 2015) can
easily be applied to computationally inexpensive ECMs (0D, 1D)
whereas more efficient methods such as conjugate unscented transfor-
mation (Pouget et al., 2016b)may be required formore expensive ECMs
(e.g. 1D with aggregation scheme, 3D). Ultimately, we hope that ECM
evaluation efforts by individual groups will serve as a testbed to imple-
ment evaluation exercises in future ECM intercomparison projects
(Costa et al., 2016a). The richness of IVESPA may benefit from the use
of machine learning methods and advanced statistical methods (e.g.
Gouhier et al., 2019) that may complement or outcompete scaling rela-
tionships (0D ECMs) at linking the MER to plume height.

The scope of the database goes beyond informing ECM,with the data
collated having the potential to aid definition of ESPs for eruption sce-
narios at volcanoes for which there is little information. Beyond direct
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application to ECM evaluation and development, IVESPA can also be
used to answer a large variety of questions. For example, the SO2 and
spreading height compiled can be compared with heights derived
from the deposit isopleth (e.g. Carey and Sparks, 1986; Rossi et al.,
2019), which are known to be representative of the maximum top
height reached during an eruption. Such comparisons could in turn be
used to better constrain the height of SO2 injection to be used in climate
modelling studies of ancient eruptions for which only the height de-
rived from isopleth is known (e.g. Vidal et al., 2015b). Similarly, investi-
gating how ESP and atmospheric conditions govern the relationship
between the tephra top height, tephra spreading height, and SO2 height
is of interest to the broader volcanology community. Another example
of potential application of IVESPA derives from our compilation of
both uncertainty on TEM and the metadata provided alongside it (see
section 2.2.1), in particular the number of measurements used in esti-
mating mass, and their minimum and maximum locations from the
vent. For example, deposits characterised by a smaller number of mea-
surements are likely to be less certain than those with a large number.
While some studies have assessed uncertainties in erupted mass mea-
surements (e.g. Klawonn et al., 2014a, 2014b; Bonadonna et al.,
2015a), these have typically been applied to individual deposits and
eruptions, and as yet no simple relation exists that can be applied taking
account of available deposit metadata, e.g. number and distribution of
measurements, to estimate uncertainty. IVESPA thus offers an opportu-
nity to assess such relationships across a large number of eruptive
events.

6. Conclusions

We have built a new observational database - the Independent Vol-
canic Eruption Source Parameter Archive (IVESPA, version 1.0) - the pri-
marymotivation ofwhich is to support the evaluation and development
of eruptive column models (ECMs). IVESPA has been endorsed by the
IAVCEI commission on Tephra Hazard Modelling (THM) and is sup-
ported by the British Geological Survey which hosts the database
website (ivespa.co.uk). It will bemaintained, updated as new events be-
come available, and is open to the community for feedback and sugges-
tions. For a current count of 134 eruptive events:

• IVESPA systematically contains the total erupted mass of tephra-
fallout, duration, heights (top, spreading and SO2 height) and atmo-
spheric condition profiles. These parameters enable testing of any
0D ECM (scaling relationships between height, mass eruption rate
(MER), and, for some of them, averaged wind and stratification) and
the majority of 1D ECMs.

• IVESPA contains the total grain size distribution (TGSD), which is an
input required by some 1D ECMs and by 3D ECMs, whenever it has
been reconstructed.

• When available in the literature, IVESPA also provides a number of
other relevant parameters such as the eruption style or the tephra
mass derived from pyroclastic density currents (see Table 4).

IVESPA systematically provides uncertainty estimates associated
with each eruption source parameter (ESP) provided in the database.
We have also made efforts to provide a high-quality database by having
twomembers of our working group independently search for the value
of key ESPs for each event before reaching a consensual value. We show
that important differences can arise between the initial estimates of our
working group members, as well as between IVESPA and existing
datasets with independently estimated ESPs. In particular, these differ-
ences can be caused by experts using different references for estimating
ESP or interpreting these references differently. To address this issue
and further inform the reliability of the data provided for each event,
IVESPA containsflags that indicate howmuch interpretation of the liter-
ature was required in providing key ESP values and their uncertainties
(Fig. 1). Our approach with two experts independently vetting each
22
ESP value is also crucial to addressing difficulties in compiling ESP
values from the literature.We also used lessons learnt from the creation
of IVESPA to recommend best practice for presenting ESP information in
the literature. Beyond efforts made to extensively inform uncertainties,
IVESPA covers an unprecedented range of ESPs including MER, atmo-
spheric conditions and TGSDs. This will be valuable to test and develop
ECMs across a wide range of eruptive conditions.
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Appendix A

The full list of references and the events theywere used for are avail-
able on IVESPA website. This appendix simply lists these references to
ensure that a citation is associated with this study: Global Volcanism
Program (1970, 1971a, b, c, 1973, 1974, 1975, 1980a, b, 1982a, b,
1984, 1985a, b, 1986a, b, c, d, 1990, 1991, 1992a, b, c, 1993, 1995a, b,
1996a, b, c, 1997, 1998, 1999a, b, c, 2000a, b, 2001, 2002, 2003a, b, c,
2005, 2006a, b, c, 2008a, b, 2009, 2011, 2014, 2015a, b, 2016a, b,
2017a, b, c, d), Belousova and Belousov (2001), Cassidy et al. (2015),
Castro et al. (2010), Izbekov et al. (2009), Mankowski et al. (2001),
Montalbano et al. (2017), Suzuki et al. (2014), Thordarson et al.
(2011), Vidal et al. (2015b), Hayer et al. (2016), Thorarinsson (1949),
Koyaguchi (1996), Lynch et al. (1996), Newhall et al. (1996), Rybin
et al. (2012), Scott et al. (1996), Hoblitt et al. (1996), Le Pennec et al.
(2002), Romero et al. (2013, 2016a, 2016b), Bonadonna et al. (2002),
Larsen et al. (2015), Naranjo (1993), SERNAGEOMIN (2015), IAVCEI
Commission on Tephra Hazard Modelling original database (2001),
Hadikusumo (1961), Coltelli et al. (2006), Luigi Lodato e Boris
Behncke (2006), Belousov et al. (2003), Hall et al. (2004),
Höskuldsson et al. (2018), Schneider and Thompson (2000), Gilbert
(2012), Moxey (2005), Unema (2001), Bluth et al. (1995), Brantley
(1990), Christiansen and Peterson (1981), Eichelberger et al. (1995),
Harris et al. (1981), Miller et al. (1995), Neal et al. (1995), Rose et al.
(1995), Rowley (1981), Scott et al. (2008), U.S. Geological Survey
(2005), Voight et al. (1981), Waitt et al. (1995), Wallace et al. (2006),
Webster et al. (2006), Alfano et al. (2011), Alfano et al. (2016), Aloisi
et al. (2002), Andronico et al. (2005, 2008, 2009a, 2009b, 2014a,
2014b, 2015, 2018), Armienta et al. (2002), Atlas et al. (2006),
Baldridge et al. (1973), Barberi et al. (1990b), Barton et al. (1992),
Belousov et al. (2017), Belousov and Belousova (1998), Belousov
(1996), Bernard et al. (2016a, 2016b), Biass et al. (2014), Bitar et al.
(2010), Bonaccorso et al. (2014), Bonadonna et al. (2011, 2015a,
2015b), Bonadonna and Houghton (2005), Bonadonna and Costa
(2012, 2013), Bonis and Salazar (1973), Bourdier et al. (1997), Brazier
et al. (1982), Calvari et al. (2006, 2011), Caplan-Auerbach et al.
(2010), Carboni et al. (2016), Carey et al. (1990), Carey and
Sigurdsson (1982), Carn and Lopez (2011), Carn et al. (2009), Carter
et al. (2008), Caudron et al. (2015), Chung et al. (1981), Collini et al.
(2013), Coombs et al. (2013), Corradini et al. (2010, 2016), Costa et al.
(2013b, 2016b), Cronin et al. (1998), Danielsen (1981), Davies et al.
(1978), Dean et al. (1994), Denniss et al. (1998), Deruelle et al.
(1996), Durant and Rose (2009), Durant et al. (2012), Edwards et al.
(2018), Ekstrand et al. (2013), Elissondo et al. (2016), Eychenne et al.
(2012, 2013, 2015), Flemming and Inness (2013), Fee et al. (2010),
Flentje et al. (2010), Folch et al. (2008), Gaunt et al. (2016), Gardner
et al. (1994), Geshi and Oikawa (2008), Girault et al. (2014), Girina
(2013), Gorshkov (1959), Gronvold et al. (1983), Gudmundsson et al.
(1992, 2012), Gudnason et al. (2017), Guffanti et al. (2005), Guo et al.
(2004a, 2004b), Gurenko et al. (2005), Hall et al. (2013, 2015),
Hashimoto et al. (2012), Hildreth and Drake (1992), Hill et al. (1998),
Holasek et al. (1996), Höskuldsson et al. (2007), Hreinsdóttir et al.
(2014), Hurst and Turner (1999), Jude-Eton et al. (2012), Kaneko et al.
(2016), Kilgour et al. (2013), Koyaguchi and Ohno (2001), Kozono
et al. (2013), Kratzmann et al. (2009, 2010), Kristiansen et al. (2015),
Kristiansen et al. (2010), Krotkov et al. (1999), Krueger et al. (1990,
2008), Kylling (2016), Lacasse et al. (2004), La Femina et al. (2004),
Lara (2010), Larsen et al. (2009, 2013), Le Pennec et al. (2012), Lucic
et al. (2016), Luhr et al. (1984), Maeno et al. (2014, 2016, 2019),
Major and Lara (2013), Malik (2011), Marchese et al. (2014), Martin-
Del Pozzo et al. (2008), Marzano et al. (2013), Mastin (2007), Mastin
et al. (2013b), Matoza et al. (2007), Matson (1984), McCarthy et al.
(2008), Meinel and Meinel (1963), Melson et al. (1990), Métrich et al.
(2004, 2005), Miller and Chouet (1994), Miyabuchi et al. (2018),
Moiseenko and Malik (2014, 2015), Mossop (1964), Moune et al.
(2007), Murrow et al. (1980), Myers et al. (2014), Nairn and Self
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(1978), Nakada et al. (2005a, 2005b, 2013), Nakagawa et al. (2002),
Naranjo et al. (1986), Norini et al. (2009), Nye et al. (2002), Oddsson
et al. (2012), Oikawa et al. (2016), Pallister et al. (2005), Pardini et al.
(2018), Petersen et al. (2012), Pistolesi et al. (2015), Pioli et al. (2019),
Plechov et al. (2008), Poret et al. (2017, 2018a, 2018b), Portnyagin
et al. (2014), Prata et al. (2010, 2015), Prata and Grant (2001),
Reckziegel et al. (2016), Ridolfi et al. (2008), Ripepe and Harris
(2008), Rizi et al. (2000), Robock and Matson (1983), Roggensack
et al. (1997), Romero et al. (2016a, 2016b, 2017), Rose et al. (1973,
1978, 2003, 2008), Rose and Durant (2009), Rosi et al. (2006),
Ruprecht and Bachmann (2010), Rutherford et al. (1985), Rybin et al.
(2011), Sadofsky et al. (2008), Saito et al. (2010), Samaniego et al.
(2008), Scaillet and Evans (1999), Scasso et al. (1994), Schneider et al.
(1999), Schneider and Hoblitt (2013), Scollo et al. (2007, 2008), Scott
and McGimsey (1994), Self and Rampino (2012), Sellitto et al. (2016),
Shcherbakov et al. (2011, 2013), Shepherd et al. (1979), Shibata and
Kinoshita (2016), Sigurdsson et al. (1984, 1987), Slezin (2015),
Solikhin et al. (2015), Sparks et al. (1997b), Spilliaert et al. (2006),
Steffke et al. (2010), Stelling et al. (2002), Stohl et al. (2011), Sulpizio
(2005), Surono et al. (2012), Suzuki et al. (2013), Takarada et al.
(2016), Thorarinsson (1950), Thorarinsson and Sigvaldason (1972),
Troncoso et al. (2017), Trusdell et al. (2005), Underwood et al. (2013),
Urai and Ishizuka (2011), Van Manen et al. (2010), Varekamp et al.
(1984), Vernier et al. (2016), Voight (1990), Wallace et al. (2013),
Watt et al. (2009), Waythomas et al. (2010), Williams and Self (1983),
Wolf and Eichelberger (1997), Woods and Kienle (1994), Wright et al.
(2005), Zen and Hadikusumo (1964), Zharinov and Demyanchuk
(2011).
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