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Abstract Volcanic ash dispersion simulations and remote sensing of ash clouds are conducted by volcano
observatories and Volcanic Ash Advisory Centres to monitor and forecast the evolution of volcanic ash clouds
in space and time in order to mitigate the risk posed by these events on civil aviation. Despite constant
improvements in terms of technology and modern capabilities, both numerical simulations and monitoring are
still affected by variable degrees of uncertainty. To initialize the rate of emission and position of the volcanic ash
in the ash dispersion simulation computational domain of the numerical model used for forecasting the ash
clouds, in particular, currently relies on the preliminary simulation of the volcanic plume. The source modeling
is generally carried out using simplified plume models that depends on parameters that cannot be accurately
measured in real time, for example, the wind entrainment coefficient and the plume centerline height in case of
wind affected (bent-over) plumes. In this work, we test recently proposed correction factors for these parameters
for two of the most widely used simplified plume models and compare with ash cloud satellite observations
retrieved during the Eyjafjallajokull eruption. Specifically, we compare modeling results obtained with and
without applying the corrections of the top plume height and wind entrainment coefficient. We show that, by
applying the corrections, we significantly reduce the discrepancy between the simulated and satellite-retrieved
ash cloud observations.

Plain Language Summary Explosive volcanic eruptions are responsible for the injection of
volcanic ash into the atmosphere. Volcanic ash clouds represent a threat for civil aviation, and therefore a
great effort has been made in order to improve the observation and forecasting of these clouds. Recent
studies have shown that the estimation of the mass of ash released into the atmosphere over time, which is
done by applying simplified models, can be improved by fine-tuning some parameters that can be estimated
in near real time. In this work we show, by comparing results of ash dispersion modeling and satellite
retrievals of the Eyjafjallajokull 2010 eruption, how this improvement results in a closer match between the
simulated and observed ash cloud.

1. Introduction

Volcanic ash atmospheric dispersion modeling and remote sensing observation of the ash in the atmosphere are
fundamental tools for Volcanic Ash Advisory Centres (VAAC) (VAACs) to monitor and forecast the spatial and
temporal evolution of volcanic ash clouds and tephra sedimentation over the ground. This is an important task,
since volcanic ash in the atmosphere can be harmful to aircraft engines and, therefore, potentially disruptive for
the aviation industry (Durant et al., 2010; Giehl et al., 2017; Grindle & Burcham, 2002; Kienle et al., 1980).
Therefore, a significant effort has been made to improving our observational and modeling capabilities of the
volcanic ash cloud and the plume, which are the processes responsible for the injection of ash in the atmosphere.
The volcanic plume and ash cloud monitoring and modeling, which are linked to each other, need to be carried out
quickly during volcanic crises, which is why testing the observational and modeling procedures in VAACs and
volcano observatories represent best practices (Beckett et al., 2024).

Atmospheric ash dispersion and deposition modeling is currently mostly conducted in two successive steps:
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¢ Ash emission modeling, normally using eruption source parameters (ESPs) (mass flux or MER, top plume
height (h), total grainsize distribution (TGSD), etc.) either from available data sets (e.g., Aubry et al., 2021) or
estimated via plume models;

o Atmospheric dispersion and sedimentation modeling using various modeling approaches spanning from
particle tracking or Lagrangian (e.g., NAME, Beckett et al., 2020; Jones et al., 2007) to solving the advection-
diffusion-sedimentation equation or Eulerian (e.g., FALL3D, Costa et al., 2006; Folch et al., 2020) to hybrid
approaches (e.g., HYSPLIT, Stein et al., 2015).

Both steps require meteorological data, generally coming from Numerical Weather Prediction models. This
procedure is affected by uncertainty propagation from the emission to the dispersion modeling (e.g., Dioguardi
et al., 2020). Although currently available atmospheric dispersion and sedimentation models like NAME and
FALL3D allow modeling both steps at once, the coupling between the processes and the meteorology is always
“offline,” that is, the emission of ash is modeled first and without affecting the atmospheric conditions, followed
by the solution of the atmospheric dispersion of ash. Marti et al. (2017) presented an “online” coupling of the
second (dispersion and sedimentation modeling) step, but the first step was kept offline. Recently, though, some
efforts have been made towards “online” coupling (e.g., Bruckert et al., 2022; Rizza et al., 2020, 2023), but these
methodologies based on complex and computationally demanding approaches cannot be used for operational
applications due to the currently available computational capabilities and required runtime. This is why the
aforementioned steps-based methodology is still widely used and a great deal of research is still being dedicated to
the improvement of both plume and atmospheric dispersion models.

The generation of a volcanic plume is the most common process responsible for the injection of tephra into the
atmosphere (e.g., Sparks et al., 1997; Wilson & Walker, 1987; Woods, 1988). The MER and # are, together with
meteorological conditions, the two main parameters used to quantitatively characterize the volcanic plume and to
initialize the subsequent dispersion simulation. /# can be obtained by remote sensing observations like ground
based cameras (Guerrieri et al., 2025; Scollo et al., 2014), radars (Corradini et al., 2016), thermal infrared sig-
natures (e.g., Birnbaum et al., 2023; Valade et al., 2014) or satellites (Corradini et al., 2018; de Michele
et al., 2019; Guerrieri et al., 2023; Merucci et al., 2016; Prata & Grant, 2001). MER, on the other hand, is much
more difficult to measure in real time although some progress has been made recently, for example, using video
analyses of ash plumes and ejecta (Diirig et al., 2015a, 2015b; Pioli & Harris, 2019; Tournigand et al., 2019;
Valade et al., 2014; Wilson & Self, 1980), thermal infrared signatures (Cerminara et al., 2015; Harris, 2013;
Harris et al., 2013; Ripepe et al., 2013), emitted infra-sound waves (Johnson & Ripepe, 2011; Ripepe et al., 2013),
electrostatic field (Biittner et al., 2000; Calvari et al., 2012), interpretation of microwave radar signals (Marzano
et al., 2020; Montopoli, 2016) or integration between ground based and satellite sensors (Freret-Lorgeril,
Bonadonna, Corradini, Donnadieu, et al., 2021; Freret-Lorgeril, Bonadonna, Corradini, Guerrieri, et al., 2021).
However, these methodologies are affected by large uncertainties when applied to real-time assessments, since
they are based on parameters that are either unknown or difficult to estimate during an eruption (e.g., the vent
geometry as in Diirig et al. (2015a)). For this reason, currently MER is more commonly indirectly estimated using
plume models linking /# to MER.

There are several plume models available, ranging from simple equations linking 4 to MER which can be either
empirical, based on ESPs databases (Aubry et al., 2023; Gudmundsson et al., 2012; Mastin et al., 2009; Sparks
et al., 1997) or analytical (Degruyter & Bonadonna, 2012; Wilson & Walker, 1987; Woodhouse et al., 2013;
Woods, 1988), to more complex models based on the conservation equations of fluid dynamics. The former are
usually classified as “OD” models. The latter in turn can be simplified to steady 1D homogeneous models (e.g.,
Bursik, 2001; Degruyter & Bonadonna, 2012; de’ Michieli Vitturi et al., 2015; Devenish, 2013; Folch et al., 2016;
Mastin, 2014; Woodhouse et al., 2013), unsteady 1D homogeneous models (e.g., Diirig et al., 2015a, 2015b;
Hochfeld et al., 2022; Scase & Hewitt, 2012; Woodhouse et al., 2016), and more complex time-dependent multi-
phase models (e.g., Cerminara et al., 2016; Esposti Ongaro et al., 2007; Suzuki & Koyaguchi, 2012). 0D models
are the most widely used to estimate the MER in real-time operational applications, because they are fast and
require few input parameters that can be generally obtained easily, although 1D models are also being employed,
for example, in the Icelandic Met Office VESPA system (http://brunnur.vedur.is/radar/vespa), which implements
the model of de’ Michieli Vitturi et al. (2015). The accuracy of OD models depends on the eruptive style (e.g.,
sustained versus unstable eruptive column, the former being a better scenario for these models) and meteoro-
logical conditions, in particular related to the eruptive column evolution itself (e.g., strong versus weak bent-over
plume). In fact, these models can (e.g., Degruyter & Bonadonna, 2012; Woodhouse et al., 2013) or cannot (Aubry
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Figure 1. (a) Top plume height / versus top centerline height H, in three scenarios: strong, intermediate, and weak plume
(from the left to the right). Modified after Diirig et al. (2023b); © 2023. American Geophysical Union. All Rights Reserved.
(b) Top plume height & (black line) and top centerline height H_ time series; the latter are obtained with g = 0.5 (light gray
line) and = 0.3 (dark gray line).

et al., 2023; Gudmundsson et al., 2012; Mastin et al., 2009; Sparks et al., 1997; Wilson & Walker, 1987,
Woods, 1988) take the effect of wind into account, and consequently it was shown that certain models might
provide more accurate predictions under specific conditions than others (Aubry et al., 2023; Dioguardi
et al., 2020; Diirig et al., 2018, 2023a). Furthermore, wind-affected 0D models require a % correction since they
relate MER to the top centerline height H,., which is challenging to obtain with currently used monitoring
technologies (Figure 1a). Finally, all 0D models strongly depend on the atmospheric air entrainment parame-
trization, for which there is no consensus especially for the entrainment caused by the action of wind.

The 2010 eruption of Eyjafjallajokull volcano (hereafter referred to as Eyja2010), by means of the disruption that
it caused to various sectors (Harris et al., 2012), triggered a probably unprecedented research and infrastructural
effort targeted at improving the observational, modeling and response capabilities during explosive volcanic
eruptions. The eruption was characterized almost constantly by a weak (bent-over) plume, from which ash was

DIOGUARDI ET AL.

30f 17

851807 SUOWILLIOD AIKERID 3ol dde aup Aq peuseob aJe S0 e YO ‘8sn Jo SaIn1 10} Aq)TaUIIUO 48] 1M UO (SUOTPUOD-pUR-SLLBIALI0D" A3 1M AR.d jBu JUO//Sd1IY) SUORIPUOD Pue SWLB | 8U) 88S *[9202/T0/T] uo Areiqiauliuo A8|im Aenins [eoibojoeD usiug Aq ev8r0arsz0z/620T 0T/I0pALI0Y A8 AReiq puljuo'sgndnBe//:sdny woly papeo|umoa ‘vz ‘S0z ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20251D044843

advected towards the south during most of its duration. Arason et al. (2011) published the complete record of &
obtained from the C-band radar based in Keflavik airport. Diirig et al. (2023b), by using this data set and, when
possible, pictures of the plume, showed that the performance of 0D plume models, in particular the wind-affected
ones, could be improved by applying corrections to 4 in order to estimate the H, and, specifically for Eyja2010
case, by a different formulation of the wind entrainment parametrization.

In this work we first review the wind-affected 0D models and the improvements proposed by Diirig et al. (2023b)
to obtain a more accurate time series of MER versus H,. for the whole Eyja2010 eruption. We then compare the
FALL3D atmospheric ash dispersion outputs obtained with the original and improved MER versus H,. time series
with ash column loading data extrapolated from satellite imagery.

2. Materials and Methods

In order to show the impact of the modified ESPs time series following the prescriptions in Diirig et al. (2023b) on
the predicted ash clouds, we:

o created a new time series of the ESPs by using (a) the plume model of Degruyter and Bonadonna (2012) and
(b) the model of Woodhouse et al. (2013);

 carried out atmospheric dispersion simulations using the original and the modified ESPs by means of FALL3D
(Folch et al., 2020);

o compared simulated with observed ash column loadings.

In the following we go into the details of these methodological steps.

2.1. The Corrected Plume Height and Mass Eruption Rate Time Series of the Eyjafjallajokull 2010
Eruption

Eyjafjallajokull is a volcano in southern Iceland, whose summit is at 1,666 m above sea level and covered by ice
(Jonsson, 1988; Seemundsson, 1979). The details of the Eyja2010 eruption can be found in Dellino et al. (2012)
and Gudmundsson et al. (2012). The eruption consisted of three phases: the first one (14—-18 April) produced a
plume rising to 5-10 km high alternating between dark gray (loaded with tephra) and some steam-rich plumes.
The second phase (18 April-4 May) was characterized by mainly lava effusion and much weaker explosive
activity. The third phase (5—17 May) saw an increase in explosive intensity before a final phase of decline (18-22
May). During most of the eruption, from the volcanological point of view the volcanic plume was “weak” since it
was generally bent-over by the wind. Given the almost constant “weak plume condition,” in order to quantita-
tively address this interaction with the wind, Diirig et al. (2023b) estimated the plume type parameter I1
(Degruyter & Bonadonna, 2012), which quantifies the relative influence of buoyancy and cross-wind on the
plume dynamics, for the whole duration of the eruption:

Nh a\?
T=1s5 (ﬁ) M

Table 1 lists all the symbols used in this manuscript, the upper bar ~ denotes the depth averaging across the plume
height. In Equation 1, N is the plume height-averaged buoyancy frequency (N), / is the top plume height, v is the
plume height-averaged wind speed (v), @ and f3 are the radial and wind entrainment coefficients, respectively. N is
defined as:

Hc He

~2 1 2 1 8 CuOdTa
V= | N@di=— 4 S0 Ma) 2
Hc/ @z HCCaOTaO./< g dz ¢ @
0

0

where H, is the top plume centerline height, z is the vertical coordinate, ¢, and T, are the specific heat capacity and
temperature of the air, g is the gravitational acceleration, and the subscript O refers to the volcanic vent height (the
height of the plume source). Large values of IT are expected for strong (not wind affected) plumes, whilst very low
values of II characterize weak (wind affected) plumes. Different thresholds values for these scenarios, including
intermediate plumes in between, have been proposed in the literature. For example, Bonadonna et al. (2015)
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Table 1
Symbols List
Symbol Meaning Units
I Plume type parameter -
AA% Percent difference (AA%) of the area A of the ash cloud where -
ML > 0.5 g m~2 between the reference and test solution
W, Wind shear parameter -
A Area of the domain covered by the ash cloud km?
c Specific heat capacity Jkg ' K™!
C Particle volumetric concentration -
C Ash mass concentration mg m~>
g Gravitational acceleration m s>
g Reduced gravity ms™>
h Top plume height m
H, Top plume centerline height m
MER Mass eruption rate kgs™!
ML Particle column mass loading gm™>
ML, Satellite retrieved-particle column mass loading gm™>
ML, Simulated particle column mass loading gm™?
N Buoyancy frequency 57!
r Plume centerline height correction factor -
T Temperature K
\%4 Volume of the domain covered by the ash cloud km?®
v Wind speed ms~!
b4 Vertical coordinate m
a Radial entrainment coefficient -
p Wind entrainment coefficient =
Pa0 Air density at the plume vent height kg m™>
defined weak and strong plumes by IT < 0.1 and IT > 10, respectively, with transitional plumes in between. Scollo
etal. (2019) revised the upper threshold value reducing it to 0.5. More recently, Diirig et al. (2023b), by means of
the software Real-time ESPs FutureVolc Information and Reconnaissance system (REFIR, Diirig et al., 2018) and
the top plume height data recorded during the Eyjafjallajokull 2010 eruption by the C-band radar installed in
Keflavik (Arason et al., 2011), showed that the eruptive plume could be classified as weak or intermediate over
the whole eruption duration based on Scollo's threshold values. Consequently, in this study we focused on the
simplified wind-affected plume models of Degruyter and Bonadonna (2012) (hereafter referred to as DBM,
Equation 3) and Woodhouse et al. (2013) (hereafter referred to as WM, Equation 4):
— ﬂa0<25/2“2N3 4 BN v 3)
MERppy = —7| ——F—Hc + Hc 3)
g 2 6
—~ =2, 3953
MERy, = (0. 3118‘ c1 +4.266W, + 0;527Ws ) @
1+ 1.373W;
which calculate the MER at the plume source as a function of the top centerline height. In Equation 3 p  is the air
density at the plume source elevation, g’ is the reduced gravity defined as:
DIOGUARDI ET AL. 5of 17
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g/ =g COTO - caOTaO (5)

Ca0 TaO

In which ¢, and T, are the bulk specific heat capacity and temperature of the plume at the source. In Equation 4 W:
is a parameter quantifying the wind shear across the plume from the source to a reference height H,:

W, =144 -1 (6)

in which v, is the wind speed at the reference height H,, which is taken equal to H,. in Woodhouse et al. (2013). In
these wind affected models it is evident how the wind plays a significant role in the calculation of MER, spe-
cifically by increasing the predicted MER with increasing wind speed v (see Figure 4 of Dioguardi et al. (2020)).

The complete time series of top plume height data of Arason et al. (2011), which covers the whole Eyja2010, was
processed with REFIR, a software that computes the best estimate of top plume heights (retrieved from various
possible sources) and MER using simplified plume models (including DBM and WM). Specifically, we set with a
time base of 30 min (see Diirig et al. (2018) and Dioguardi et al. (2020) for further details) in order to obtain a
reliable time series of top plume centerline height H, following one of the approaches discussed in Diirig
et al. (2023b), namely the “Theoretical centerline correction,” which is based on the Devenish (2016) model.
Specifically, when condition IT < 0.1 is satisfied (weak plume), the top plume height is reduced by a factor r

such as:
H.=h(1-7r) M
_ b
r= m ®)

Otherwise no correction is applied, therefore the top plume centerline height H,. coincides with the top plume
height A.

The original 4 time series recorded by the C-band radar in Keflavik has a time resolution of 5 min; some gaps in
the recordings were corrected by simple linear interpolation as in Folch et al. (2012) and Dioguardi et al. (2020);
finally we created a 1 hr-time averaged time series of top plume height, which we used in the subsequent analysis.
Diirig et al. (2023b) used REFIR (Diirig et al., 2018) to calculate the complete time series of MER (using DBM
and WM) starting from the top plume height data; subsequently they calculated the total erupted mass of tephra of
the whole eruption and four stages originally identified by Gudmundsson et al. (2012), who computed the MER of
these stages starting from the estimation of the total emitted volume from the isopach (deposit thickness) maps
and then, from the tephra density, obtaining the total erupted mass of each stage. By comparing simulated versus
estimated erupted mass, Diirig et al. (2023b) iteratively searched for the values of f, hence the plume height
correction factor 7, that resulted in the best match; furthermore, in some cases the latter factor could be directly
estimated by photos taken during the eruption showing the bent-over plumes. By combining results of the two
approaches, they found that the best results could be obtained with the following combinations:

e DBM: g = 0.3, which results in r = 0.23
e WM: g = 0.5, which results in » = 0.33

It is worth noting that WM does not allow for varying S, since this model comes from the application of
Woodhouse et al. (2013) 1D plume model with # = 0.9; therefore, the prescription above refers to the calculation
of r only; on the other hand, the prescription for DBM applies both to the § in the model and 7.

Figure 1b shows the time series of & and H_, the latter obtained after the corrections listed above.

From Figure 1b it is possible to observe that there are some periods in which no correction is applied, that is, H,.
coincides with & when IT > 0.1, in agreement with Diirig et al. (2023b). In the other time intervals the difference
between h and H_ is evident and increases with increasing f as expected by the f-dependent values of the
correction factor r.
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Table 2
IDs and Corresponding Parameters of the Simulations
Test name Simulation ID MER model Wind entrainment coefficient Radius correction
test_ DBM DBM _original DBM p=0.5 -
DBM_modified DBM =03 r=023
test_ WM WM_original WM p=0.9 -
WM_modified WM =09 r=0.33

The meteorological data necessary to use DBM and WM were retrieved by REFIR from the ERAS reanalysis data
set (Hersbach et al., 2018a, 2018b), interpolated onto the eruption location.

2.2. Ash Dispersion Simulations

The atmospheric dispersion of the ash emitted during Eyja2010 was simulated using the FALL3D model (v9.0.2,
Folch et al., 2020). FALL3D solves the advection-diffusion-sedimentation equation to simulate the atmospheric
passive transport and deposition of solid particles (e.g., ash) and gases.

The simulations were carried out for the whole eruption duration (893 hr starting from the 14 April 2010) with 1-
hr time steps on a domain defined as:

e Latitude: from 40°N to 70°N
o Longitude: from 30°W to 10°E
e Vertical coordinate: from 0 to 15,000 m a.s.l.

We discretized the domain with a regular horizontal spacing with a resolution of 0.25°. The vertical spacing
follows the linear decay (Folch et al., 2020) with 100 points. We used ERAS meteorological data with a time step
of 1 hr (Hersbach et al., 2018a, 2018b) to run the dispersion simulations. The horizontal turbulent diffusion was
modeled using the Byun and Schere (2006) Community Multiscale Air Quality scheme, whilst for the vertical
diffusion we used the similarity theory (Neale et al., 2010). The emission source was modeled by approximating
the plume with the top-hat geometry, hence ash was emitted along a uniform profile between the top height
elevation H,. as derived in Section 2.1 and the vent height. Concerning the emitted particles, we considered only
the ash fractions <20 pm diameter with the size fractions taken from Bonadonna et al. (2011) in order to focus
only on the particles that could be retrieved from the satellites (Corradini et al., 2011; Wen & Rose, 1994; Yu
et al., 2002). Particles' density was set to 2,600 kg m ™ whilst their shape was taken as spherical for simplicity. In
FALL3D, the shape plays arole in the calculation of the settling velocity; assuming a spherical shape could lead to
an overestimation of the terminal velocity, hence the rate at which particles leave the ash cloud, however this
effect is minimum to negligible for very small particles settling at low Reynolds number (e.g., Dioguardi et al.,
2018).

We carried out the following two tests (Table 2):
The radius corrections () were obtained using Devenish (2016) formula.

Figure 2 shows an example of the FALL3D simulated total volcanic ash column mass loading ML, (ash
concentration integrated from the ground to the top of the domain, g m™2) obtained in test_DBM at the same time
step (430 hr from the eruption simulation start at 14 April 2010 00Z) with the original (WM_original, Figure 2a)
and modified (WM_modified, Figure 2b) ESPs time series. For the shown time step, the difference between the
two simulations is visually evident.

In the following sections we present the data analysis procedure and the results in detail.

2.3. Satellite Retrievals

Two different volcanic ash retrieval procedures have been applied to Moderate Resolution Imaging Spectror-
adiometer (MODIS) measurements. MODIS aboard the NASA Terra and Aqua polar satellites, acquire data in 36
bands from visible (VIS) to thermal infrared (TIR), with a spatial resolution of 1 km? at nadir and a repetition
cycle of 1-2 days (http://modis.gsfc.nasa.gov/). The TIR channels 31 and 32 (centered around 11 and 12 pm) are
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Figure 2. Example of simulated total column ash loading of volcanic ash ML, obtained with the (a) original (WM_original)
and (b) modified (WM_moditied) eruption source parameters time series at +30 hr from the simulated eruption start.

used for the volcanic ash mass, aerosol optical depth (AOD) and effective radius (Re) retrievals. Three hundred
ten MODIS images have been processed from the start of the Eyjafjallajokull 2010 eruption (16 April) to the end
of activity (10 May).

The first approach named Look Up Table procedure (LUT,) is based on the exploitation of the spectral ash
characteristics around 11 and 12 pm (Prata, 1989) and the computation of the inverted arches curves Brightness
Temperature Difference versus Brightness Temperature at 11 pm (T, ;;) (Corradini et al., 2008; Prata &
Grant, 2001; Wen & Rose, 1994; Yu et al., 2002). The curves are obtained by running a Radiative Transfer Model
(RTM) considering specific atmospheric profiles, volcanic cloud geometry, surface parameters, ash type and
varying the volcanic ash cloud AOD and Re. Each ash pixel, identified in the MODIS image, is characterized by
an unique couple of BTD-T, ;; values that, inserted in the inverted arches plot and through a bilinear interpo-
lation, allows the computation of AOD and Re. From these parameters, the ash mass is obtained by applying the
Wen and Rose (1994) simplified formula by considering an ash density of 2,600 kg m™>.

The second procedure (Volcanic Plume Retrieval-VPR, Guerrieri et al., 2015; Pugnaghi et al., 2013, 2016) is a
simplified approach based on a linear interpolation of the MODIS radiances surrounding the detected volcanic
cloud in order to compute the radiances that would have been measured in the absence of the volcanic cloud. The
new image and the original data allow the computation of the volcanic cloud transmittance in the TIR channels
centered at 11 and 12 pm by applying a simplified model consisting of a cloud at a constant altitude, temperature,
and thickness. The transmittances are then refined with a polynomial relationship obtained by means of RTM
simulations adapted for the geographical region, ash type, and atmospheric profiles. From the 11 and 12 pm
transmittances the ash parameters can be obtained.

Both retrieval procedures are extensively validated (Corradini et al., 2010, 2014, 2021) and present advantages
and drawbacks. In particular, the main advantage of LUT,, is the precise characterization of the scene, but cannot
be used in real time (e.g., from VAAC) since fast and reliable interpretations are not possible, while VPR is based
on a simplified volcanic cloud model and defined atmospheric parameters but it requires as input only the volcanic
cloud altitude and temperature and can be used in real time. The ash abundance uncertainty in the vertical column,
for both procedures, has been considered equal to 40% of the retrieved value (Corradini et al., 2008).
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3. Data Processing

Both the simulation outputs and the satellite retrievals data are in NetCDF format, therefore the whole data
processing discussed below has been carried out by using the Python module netCDF4. The Python codes used for
the data processing are provided in the Zenodo data repository (Dioguardi, 2025a). The data analysis was carried
out for the whole simulation duration (893 time steps).

We conducted two types of analysis:

1. For each test (Table 2), comparison between the results of the simulations obtained with the original and
modified time series of ESPs. Specifically, we calculated the following parameters for the 893 time steps:
a. The area of the ash cloud where ML, > 0.5 g m™2, which is the satellite detection threshold;
b. The percent difference (AA%) of the area A of the ash cloud where MLy, > 0.5 g¢ m~> between the two
simulations' (original and modified) outputs for the two tests;

AA% = Amodiﬁed - Aoriginal %100 (9)

Aoriginal

c. The volume of the domain in which the ash mass concentration (mg m™>) is above the threshold values
identified by the International Civil Aviation Organization (ICAO) to be medium (2 mg m™) and very high
(10 mg m™%) (ICAO, 2023).

2. Comparison between the simulations results and the satellite retrievals. For this comparison, since the domain
covered by the satellite retrieval data set differs from that of the ash dispersion simulations in terms of both
extent (which, in turn, changes over time) and spatial resolution and the time of the retrievals do not necessarily
coincide with the output times of the simulations, we had to:

a. Identify the satellite retrievals times which showed an ash cloud in the computational domain.

b. Select the simulated output time step that is the closest to the satellite retrieval time validity.

c. Re-map the satellite retrieved-ML (ML,) onto the computational domain grid. To do so, for each
computational domain cell we averaged all the ML, that are located in the cell and assigned the resulting
average to the whole computational domain cell;

With this procedure we finally obtained time series of domain-averaged observed and simulated ML (ML, and

ML, respectively) and of the Root Mean Squared Error (RMSE) between ML, and ML
in which the deviation ML, — ML

over all the N cells

sim

> 1E7'% g m™2, calculated as:

sim

N 2
N (ML, ; — ML,
RMSE = \/ Tim ( 5}“\;‘ ) (10)

In the following section we review the results of these analyses.

4. Results

Figure 3 shows the results of the ash dispersion simulations for the two tests described above, specifically, the
complete time series of the extent of the area covered by the ash cloud defined as the area of the domain where
ML > 0.5 g m™>. In particular, Figure 3a displays the time series of the difference (AA%) between the areas
obtained with the original and modified ESPs time series for the two tests. In both cases, there is always a negative
difference between the two areas, meaning that a decrease of the area affected by the ash cloud always occurs
when applying the corrections presented in Section 2.2. However, test_ DBM correction almost always results in a
significantly higher decrease of the ash cloud extent, as it is evident by looking at the plots shown in Figure 3. A
common feature between the two tests is that the time evolution of A and of AA% is not steady, with phases that
clearly show a much lower (and almost negligible in the test WM) decrease in the ash cloud extent. This occurs
when the plume was not bent over, as it can be inferred by comparing Figure 3 with the time series of 4 and H,
shown in Figure 1b. In particular, with WM when there is no top plume height correction the simulation results
coincide, since only the top plume height is affected in test_ WM instead, in test DBM the wind entrainment
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Figure 3. (a) Difference (%) of the area of the ash cloud where

ML, > 0.5 g m™? between the two simulations (original and modified
eruption source parameters) for the two tests (test_DBM and test WM).
(b) Time series of the area of the ash cloud where MLy, > 0.5 g m™ for the
DBM_original (black line) and DBM_modified simulation (gray line) for
the test_DBM. (c) Time series of the area of the ash cloud where

ML, > 0.5 g m~> for the WM_original (black line) and WM_modified
simulation (gray line) for the test 2.

coefficient § was also changed, hence, a difference, though reduced compared
to the rest of the time series, can still be seen between the two simulations in
test_DBM.

Figure 4 shows the time series of the volume of the domain V in which the ash
mass concentration C is above two of the critical concentration thresholds
indicated by ICAO, namely, 2 mg m™ (medium concentration) and
10 mg m™ (very high concentration). The calculation was conducted for both
the tests. As for the ash ML, in both tests the extent of the ash cloud, in this
case quantified via V, significantly decreases when applying the corrections in
the two tests and the decreases is more evident in test. DBM when applying
the corrections to DBM, as expected and in agreement with what was
observed on the area A (Figure 3).

We then compared ML, with ML, from the MODIS instruments aboard
the polar AQUA and TERRA satellites and processed with the LUT,, and
VPR procedures. For the time stamps of the satellite retrievals that satisfied
the conditions explained in Section 3, we extracted the ML, for the two
simulations (original and modified ESPs time series) of the two tests. Figure 5
shows example maps of the simulated mass loadings for the two tests, spe-
cifically: DBM_original and DBM_modified for test DBM (Figures 5a and
5b); WM_original and WM_modified for test. WM (Figures 5c and 5d).
Furthermore, it shows the observed mass loadings obtained with MODIS-
AQUA with the LUT, algorithm (Figure 5¢) and with True Color Cor-
rected Reflectances (Figure 5f) on the 10 May 2010 at 13.15 UTC; the
simulated outputs refer to the time step on the 15 May 2010 at 13.00 UTC.

The reduction of the extent of the cloud is evident in Figure 5 for both
test_DBM and test_WM, particularly in the former with DBM. However, the
satellite retrieved ash cloud, as tracked by the ML contour, is less extended
although with comparable peak values. Upon looking at the MODIS AQUA
True Color Corrected Reflectances in Figure 5f, which highlights the cloud
cover, it can be inferred how part of the ash cloud was impacted by the clouds,
which partly explains the underestimation of the observed ML compared to
the modeled ML.

Table S1 in Supporting Information S1 lists all the time stamps selected from
the AQUA and TERRA retrievals (with the LUT algorithm) for the com-
parisons with the simulated outputs, based on the criteria explained in the
previous section. Figure 6 shows the simulated and observed (with the LUT
algorithm) ML (averaged over the whole ash cloud area) for all the considered
time steps, together with the RMSE calculated using Equation 10. Results
with the VPR algorithm are almost identical (see Table 3) and therefore are
shown in the Figure S1 in Supporting Information S1, together with the
related time stamps in Table S2 in Supporting Information S1. Figures 6a and
6b display the ML, obtained in the first test (with DBM) and the satellite-
retrieved ML, observed by AQUA and TERRA, respectively. In both cases,
the satellite-retrieved ML,
significantly lower than the simulated ones; however, ML

sat also shown with the related uncertainty, are

«im Significantly
decreases when applying the ESPs correction, in some time steps almost
matching the observed ML,,. Similar considerations can be done for
Test WM (Figures 6¢c and 6d), but with some time steps in which no
improvement can be observed in the WM_modified simulation; these time

steps are those in which the plume was not bent over and no top plume height

correction was applied and hence the two MLy ,, lines (WM_original and WM_modified) almost coincide (e.g.,

around the fifth time stamp in Figures 6¢ and 6d), as already discussed for Figure 3. The improvement of the
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Figure 4. (a) Volume of the computational domain with ash mass concentration larger than 2 mg m™ for the DBM_original (black line) and the DBM_modified
simulation (gray line) for the first test (test_DBM). (b) Volume of the computational domain with ash mass concentration larger than 10 mg m~> for the DBM_original
(black line) and the DBM_modified simulation (gray line) for the first test (test_DBM). (c) Volume of the computational domain with ash mass concentration larger than
2 mg m > for the ‘WDM_original (black line) and the WM_modified simulation (gray line) for the second test (test_WM). (d) Volume of the computational domain with
ash mass concentration larger than 10 mg m~ for the WM _original (black line) and the WM_modified simulation (gray line) for the second test (test_ WM).

simulations with the proposed corrections is further highlighted by the RMSE time series (Figures 6e and 6f),
which show a significant decrease for the modified ESPs simulations, with the exception of the Test. WM in the
time steps in which no top plume height correction was applied. The time-averaged RMSE for the simulations of
the two tests and the two considered satellite are listed in detail in Table 3 and further corroborates the decrease of
the error when applying the corrections. Furthermore, they show a slightly higher RMSE when comparing with
TERRA retrievals; this can be explained by the almost systematic lower ML, observed with TERRA, as can be
seen by looking at Figures 6a—6d.

5. Conclusions

In this study we showed that, by applying the corrections that are listed in Table 2 and were originally proposed by
Diirig et al. (2023b) to improve the performance of DBM and WM models in the calculation of MER during the
Eyja2010 eruption, we significantly improved the capability of FALL3D to reproduce satellite-retrieved observed
ML. This stresses the importance of applying top plume height corrections and, if possible, fine tuning the wind
entrainment coefficients when using wind affected plume models in order to initialize ash dispersal simulations.

Despite the improvements, the simulated ML were almost constantly higher than the satellite-retrieved ones.
This can be attributed to both the modeling and the satellite retrieval limitations. The former include un-
certainty in the top plume height. In fact, as already discussed in Dioguardi et al. (2020), the top plume height
time series obtained by the C-band radar installed in Keflavik was affected by an uncertainty of +£1.2 km. In
this study, we just considered the best estimate of the top plume height. As already shown in Dioguardi
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Figure 5. Simulated ML on the 10 May 2010 at 13:00 UTC for: (a) DBM_original, (b) DBM_modified, (c¢) WM_original, (d) WM_modifiedt, and (e) Satellite retrieved
(MODIS-AQUA with LUT,, algorithm) ML on the 10 May 2010 at 13.15 UTC. (f) True Color image from MODIS/AQUA (10 May 2010) taken from https:/ladsweb.
modaps.eosdis.nasa.gov/view-data/ and processed using the Pytroll/Satpy software (Raspaud et al., 2023).

et al. (2020), by considering the minimum estimate the MER would be decreased by almost 80% on average
for wind-affected models like DBM and WM, hence cascading in a reduction of the simulated averaged ML.
The minimum estimate would be much closer to the satellite retrieved outputs. Satellite retrieval limitations
include “visibility” of the ash particles in terms of size and altitude. Recently, Saint et al. (2024) stated that
satellite can better detect particles smaller than 16 pm, whilst in our study we considered all particles up to
20 pm. The fraction between 16 and 20 pm accounts for about 2.2% of the weight fractions of the TGSD of
Bonadonna et al. (2011), which is used in this study. Therefore, according to the findings of Saint
et al. (2024), we would slightly overestimate the ML and the area affected by ash since the MER at the
source would be reduced by 2.2%. Furthermore, Saint et al. (2024) also found that satellites do not detect
particles below 3 km a.s.l., whilst we calculated the ML by integrating the simulated concentrations from the
sea level to the top of the ash cloud; this would further explain the overestimation of the simulated ML over
the satellite retrieved-ones. Additionally, the effect of the cloud cover should be taken into account when
comparing simulated versus satellite-retrieved ML. As shown in Figure 5, clouds obliterated the ash cloud in
several portions, hence artificially enhancing the difference between simulated and observed ML, even after
the MER corrections here presented. For example, Saint et al. (2024) showed that ML would be under-
estimated for ash columns with column loadings >~7 g m™ in the presence of clouds. Finally, it is to note
that the simulations in our study were carried out assuming a uniform release of ash from the volcanic vent to
the top plume height for simplicity and focusing solely on the parameters being investigated in this study.
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Figure 6. (a) Simulated versus AQUA satellite retrieved-ML (LUT algorithm) for the test DBM. Time on the x axis represents the time stamps' numbering in Table S1 in
Supporting Information S1. Black solid line: DBM_original; Black dashed line: DBM_modified; Gray solid line: satellite retrieval; Gray dashed line: satellite retrieval
minus the uncertainty; and Gray dotted line: satellite retrieval plus the uncertainty. (b) Simulated versus TERRA satellite retrieved-ML (LUT algorithm) for the
test_ DBM. Black solid line: DBM_original; Black dashed line: DBM_modified; Gray solid line: satellite retrieval; Gray dashed line: satellite retrieval minus the
uncertainty; and Gray dotted line: satellite retrieval plus the uncertainty. (¢) Simulated versus AQUA satellite retrieved-ML (LUT algorithm) for the test WM model.
Black solid line: WM_original; Black dashed line: WM_modified; Gray solid line: satellite retrieval; Gray dashed line: satellite retrieval minus the uncertainty; and
Gray dotted line: satellite retrieval plus the uncertainty. (d) Simulated versus TERRA satellite retrieved-ML (LUT algorithm) for the test_ WM. Black solid line:
WDM_original; Black dashed line: WM_modified; Gray solid line: satellite retrieval; Gray dashed line: satellite retrieval minus the uncertainty; and Gray dotted line:
satellite retrieval plus the uncertainty. (¢) Root Mean Squared Error (RMSE) between simulated and AQUA satellite retrieved-ML. Gray solid line: DB_original; Gray
dashed line: DB_modified; Black solid line: WM_original; and Black dashed line: WM_modified. (f) RMSE between simulated and TERRA satellite retrieved-ML.
Gray solid line: DB_original; Gray dashed line: DB_modified; Black solid line: WM_original; and Black dashed line: WM_modified.
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Table 3 One needs to consider, though, that volcanic ash can be released from

Domain-Averaged Root Mean Squared Error for the Two Tests and for Each

Satellite Retrieval

different non-uniform vertical profiles, which can significantly affect the
simulated ML (e.g., Harvey et al., 2025). Finally, other processes may

Simulation ID  Aqua—LUT Aqua—VPR Terra—LUT Terra—VPR

affect the ash particles residence time in the atmosphere, hence the pre-

DBM_original 15.88
DBM_modified 541
WM_original 18.71
WM_modified 11.23

15.90

18.76
11.26

diction capabilities of the numerical models used to simulate ash disper-

1633 1595 sion, like ash particles interactions with aerosols particles that increase
535 5.80 5.57 their size and favor sedimentation (Muser et al., 2020).

19.61 19.06 ' ,

1307 12,40 The results presented here further raises awareness of the need to improve

simplified plume models used to initialize ash dispersal simulations for
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operational applications like civil aviation safety. If the improvements taken
into account in this study are obtained using an a-posteriori analysis, they could be included in procedures for real
time applications, for example, during eruptive crises. For example, whilst the top plume height correction is very
challenging to measure in real time, the Devenish (2016) formula performed well and this can be used in
conjunction with the estimation of the wind entrainment coefficient, which remains the only unknown in real-time
applications and, as such, it can be treated as an unknown varying parameter in ensemble simulations.
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