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The spaceborne detection of volcanic ash clouds at infrared wavelengths helps to avoid regions with enhanced
volcanic ash concentrations that pose a threat to aviation. Current volcanic ash data retrievals require detailed in-
formation on microphysical properties and the refractive index of volcanic ash, which are highly variable. Uncer-
tainties in the latter currently limit the quality of volcanic ash nowcasts. Here, we introduce a novel method to
calculate the complex refractive indices of volcanic ashes at wavelengths from 5 to 15 um from measurements
of their individual components based on generic petrological ash compositions. Thereby the refractive indices
for volcanic glasses and bulk volcanic ashes of different chemical compositions are derived. The variability of
the latter is mainly influenced by the silica content and the porosity and to a minor degree by the glass-to-
crystals ratio. Calculating optical properties exhibits an equally large impact of bulk composition and grain size
distribution, whereas particle shape is considered less important for particle sizes of the order 1 um. Using
these optical properties to determine brightness temperature differences between the 11 um and 12 um channels
we show that the effect of ash composition is non-negligible for modern satellite instruments. Particularly, the
dependence of the volcanic ash on the silica content (and to a much smaller extent on the glass-to-crystals
ratio) is observable in its refractive index, its optical properties and the brightness temperature difference,
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indicating that composition might be retrievable to some degree by remote sensing methods.
© 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/).

1. Introduction

Volcanic ash emitted during eruptive activity poses a serious threat
to critical infrastructure on the ground (Wilson et al.,, 2012) and to air-
craft in operation, where contact with a volcanic ash plume or cloud
can lead to damage and engine failure (Casadevall, 1994); here the
term plume is used for volcanic emissions that are still attached to the
vent, and cloud once they are detached. Incidents at distances of
1000 km and more have been reported (Guffanti et al., 2010). Therefore,
the eruption of Eyjafjallajokull in 2010 led to the prolonged closure of
large parts of the European air space (Schumann et al., 2011) with esti-
mated economic losses in the aviation industry of $1.7 billion (Budd
etal, 2011).

In order to reduce the impact of future eruptions, satellite remote
sensing methods have been developed and applied to monitor volcanic
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ash plumes and clouds, and thereby calibrate/validate volcanic ash
transport and dispersion models (Stohl et al., 2011; Dacre et al., 2016).
For that polar orbiting as well as geostationary passive optical imagers
are used (e.g. Pavolonis et al., 2015), often equipped with channels in
the atmospheric window at 11 to 12 um (Schmetz et al., 2002a;
Watkin, 2003; Watson et al., 2004; Schmit et al., 2005; Bessho et al.,
2016). Volcanic ash has been commonly detected using the difference
in satellite-measured brightness temperatures at 11 pm and 12 pm
(BTD,—12), which is negative for volcanic ash clouds under certain con-
ditions (e.g. small ash particles, low amounts of water or ice present, see
Prata, 1989; Guéhenneux et al., 2015), but positive for ice clouds (Inoue,
1985) - the latter is another typical application of those channels. More
recent volcanic ash retrieval algorithms (e.g. for mass concentrations or
cloud top heights) make use also of other channels in the thermal infra-
red and visible spectrum (Prata and Grant, 2001; Pavolonis et al., 2006;
Francis et al., 2012), hyperspectral data (Gangale et al., 2010; Clarisse
et al., 2010) or more advanced concepts (Pavolonis et al., 2013;
Pugnaghi et al., 2013; Piscini et al., 2014). Many of those are based on
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radiative transfer calculations, which in turn require the microphysical
properties and the complex refractive index of the volcanic ash,
Eq. (1), for the accurate simulation of brightness temperatures as a func-
tion of optical, micro- and macrophysical properties (e.g. Prata and
Grant, 2001; Yu et al., 2002; Gangale et al., 2010; Pugnaghi et al.,
2013; Ishimoto et al,, 2016).

m=n-+ik (1)

Unfortunately, the volcanic ash properties are quite variable
(Langmann, 2013), depending e.g. on the geographic location (Rogers,
2015) and the eruption style of the volcano (Polacci et al., 2019). Atmo-
spheric processes further change the properties of the volcanic ash
plumes and clouds (Langmann, 2013). In this study we focus on fine,
distal ash, i.e. particles of a few micrometers in size which can travel
within volcanic ash clouds thousands of kilometers. The corresponding
typical properties are reviewed in the methods section of this paper.

The microphysical properties of volcanic ashes, in particular the par-
ticle size distribution and the particle shape, can have a large impact on
their optical properties. Wen and Rose (1994) compared radiative
transfer calculations for volcanic ash clouds using different refractive in-
dices (from Pollack et al., 1973; Volz, 1973) and different size distribu-
tions (uniform, gamma and log-normal) and found that the size
distribution is more important for a mass retrieval than the refractive
index, and that BTD;_15 is negative for effective radii less than 5 pm
but can be positive for larger particles. Also the form of the brightness
temperature spectrum is sensitive to the particle size (Gangale et al.,
2010). Assuming a log-normal distribution with an uncertainty in the
spread (i.e. geometric standard deviations of 1.8 to 2.5) can lead to un-
certainties of > 20% in the retrieval of mass column loadings (Western
et al, 2015). Newman et al. (2012) compared equal volume spheres
(Mie calculation) with randomly oriented hexagonal columns of aspect
ratio unity (T-matrix calculation) as volcanic ash particles, and found
differences of up to 10% for extinction cross sections in the infrared.
Non-spherical rugged vesicular volcanic ash particles were compared
with mass-equivalent spheres as well as volume-equivalent spheres
with an effective refractive index corrected for the vesicles by Kylling
et al. (2014). Although similar for small sizes, significant differences in
the optical properties were found for larger particles (e.g. for mass-
equivalent radii > 4 pm at the wavelength 12 pm when comparing
non-spherical small vesicle particles with volume-equivalent spherical
small vesicle particles). The volume-equivalent approach generally
modeled reality better.

A limited number of measurements of the refractive indices of volca-
nic ash exist in the ultraviolet, visible and near-infrared part of the spec-
trum (Vogel et al., 2017). In the infrared Pollack et al. (1973) presented
laboratory measurements of obsidian, basaltic glass and andesite, and
Volz (1973) of pumice (all in form of polished rock slabs, KBr or pure
pellets). These data sets have been used for decades in volcanic ash re-
trievals (e.g. Prata, 1989; Wen and Rose, 1994; Prata and Grant, 2001;
Yu et al., 2002; Gangale et al., 2010; Pugnaghi et al., 2013; Ishimoto
etal,, 2016). However, it is known that these retrievals are very sensitive
to the refractive index (Wen and Rose, 1994; Western et al., 2015; Prata
et al.,, 2019), and thus an accurate assumption of the refractive index
could significantly improve them.

Recent studies have attempted to address this shortcoming:
Grainger et al. (2013), Reed et al. (2018) and Deguine et al. (2020) per-
formed laboratory measurements to determine the refractive indices for
various volcanic ash samples of different geographical origin, composi-
tion and in suspension. Ishimoto et al. (2016) used hyperspectral data
collected by satellite and established refractive indices (from Pollack
et al, 1973) to constrain the parameters (effective radius, optical
depth, cloud pressure height and the volume fraction for a mixture of
known refractive indices of volcanic ashes) of multiple volcanic ash
clouds. In a second step, those parameters were fixed and the imaginary
part of the refractive index was retrieved. Wavelength-dependent
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variations up to factors of two or three were found for the refractive
index in the infrared, indicating that the accurate knowledge of the re-
fractive index is important.

In case of a future volcanic eruption a consolidated refractive index
model together with the necessary, early, rapid chemical or mineralog-
ical analysis of a sample would be sufficient to predict the refractive
index of the volcanic ash and increase the performance of the satellite
retrievals. To this end, Prata et al. (2019) performed wavelength-
dependent linear regressions for both parts of the complex refractive
index of volcanic ash with respect to either the silica content x; or the
ratio of non-bridging oxygens to tetrahedrally coordinated cations,
using the refractive indices from Reed et al. (2018).

A different approach is to estimate the refractive index for a specific
volcanic ash by calculating the corresponding weighted average of the
known refractive indices of minerals, glasses and gas bubbles based on
their typical abundance in volcanic ashes. It allows the refractive index
to be calculated for different compositions and to consider aging pro-
cesses, e.g. the increase of glass to mineral ratio or the decrease of poros-
ity (Shipley and Sarna-Wojcicki, 1982; Mackie et al., 2016). Thus, a more
accurate estimate of the refractive index for an application can be made,
and its variability can be investigated by changing the composition
within realistic ranges. The impact on the optical properties of the com-
position in comparison to the microphysics can be analyzed, as has been
done for mineral dust (e.g. Hansell Jr. et al., 2011). The uncertainty of re-
trievals relying on one specific refractive index can be investigated, and
it enables to consider the possibility to retrieve the volcanic ash compo-
sition remotely. Therefore we use this approach, which was previously
implemented for mineral dust in a similar fashion (Sokolik and Toon,
1999; Lee and Park, 2014). For volcanic ash Kliiser et al. (2013) achieved
good results using a limited set of refractive indices of minerals in re-
mote sensing applications.

The paper is organized as follows: In the methods section (Sec. 2) we
describe an approach to determine the refractive indices of volanic
ashes based on their composition, discuss the influence of porosity,
the mineral content and a technique to determine the refractive indices
of volcanic glasses. We also compile the microphysical properties (size,
shape) of volcanic ash particles from literature and outline a simple
model to determine BTD1;_15. In the results section (Sec. 3) we deter-
mine the refractive indices of volcanic glasses and the bulk refractive in-
dices of generic volcanic ashes. Then we quantify the impact of
composition and microphysical properties on the optical properties. In
the discussions section (Sec. 4) the results are analyzed and the different
parameters are ranked regarding their importance for the determina-
tion of volcanic ash optical properties. The influence of the composition
on the BTD;1_12 is quantified as an example. Finally, we give a
conclusion.

2. Methods

In the following we first describe a procedure to calculate the com-
plex refractive index and the bulk density of different volcanic ashes
(Sec. 2.1). Second, we review microphysical properties (size, shape) of
volcanic ash particles (Sec. 2.2). Using all these properties we are then
able to calculate the optical properties and the brightness temperature
difference BTD;;_1; of volcanic ashes (Sec. 2.3).

2.1. Model for the refractive index and the bulk density of volcanic ash

Generally, volcanic ash particles are created by the fragmentation of
volcanic rocks (e.g. due to explosion of small bubbles of exsolved vola-
tiles within a magmatic froth, reaction of hot magma with water in
phreatomagmatic eruptions or milling during pyroclastic flows). There-
fore they are highly irregular. Magma typically consists of a suspension
of silicate melt, large minerals grown slowly in deep magma reservoirs
(phenocrysts), small minerals grown during magma ascent (microlites)
and exsolved bubbles. After fragmentation, volcanic ash particles
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represent fragments containing these components in different propor-
tions, with the silicate melt quenched to a volcanic glass, as well as lithic
material collected during the eruption (Langmann, 2013; Jerram and
Petford, 2011; Sen, 2014). The latter category is negligible for many
eruptions, and is neglected for the purposes of this study. In the follow-
ing we parameterize the remaining components and combine the indi-
vidual refractive indices to a single effective refractive index.

2.1.1. Parameterization of the effective refractive index

There are different possible indices available to parameterize the
composition of volcanic rocks. In the following we use the silica content
Xs (in weight percent, wt.%) of volcanic ashes, which is often determined
and regularly used for their classification (Rogers, 2015). It depends on
the tectonic location of the individual volcano and the magma genesis
conditions, as well as storage, segregation and mixing within a
subvolcanic plumbing system prior to eruption (Rogers, 2015; Freundt
and Schmincke, 1992). Variations have been determined even within
a single eruption event (Gudmundsson et al., 2012).

Other indices have been proposed as well: Prata et al. (2019) inves-
tigated the correlation between the refractive index of volcanic ash and
the silica content as well as the polymerisation of the melt, defined by
the ratio between nonbridging oxygens and tetrahedrally coordinated
cations; the latter was favored due to a wider spectral range with coef-
ficients of determination R? > 0.5. Cooper et al. (2002) showed that the
ratio of silica and the amount of oxides of Si, Ca, Fe and Mg was superior
to the silica content with respect to the correlation between their index
and the position of specific spectral features (Christiansen and transpar-
ency feature). As these indices reflect not only the silica present in a
rock, but also the abundance of specific elements, they might be able
to better represent the chemical and therefore also mineralogical
composition.

Aerosols can be mixed internally (each particle consists of multiple
components) or externally (each particle consists of a single component
which can differ between particles, Lesins et al., 2002). Except for the
most silicic compositions consisting only of glass shards, volcanic ash
contains both types of mixtures: Crystals surrounded by volcanic glass
(Shipley and Sarna-Wojcicki, 1982; Casadevall, 1994) as well as single
crystals fragments or glass sherds (Hornby et al., 2019). Following ash
emissions, surface brines and salts formed from ash-gas reactions in-
volving sulfur dioxide and other volatiles emitted at the eruption
might be possible (Rose, 1977; Langmann, 2013; Casas et al., 2019),
but are neglected for simplicity in this work. The volume weighted aver-
aging has been used for external mixtures (Ebert et al., 2002; Ball et al.,
2015) as well as internal mixtures (Sokolik and Toon, 1999; Lesins et al.,
2002; Lee and Park, 2014) and is therefore used here. Note that other
approximations (Bruggeman, Maxwell-Garnet) exist for the calculation
of internal mixtures. Although these might lead to different results,
there are indications that the impact of the mixing formula is mostly
rather small in the infrared (Sokolik and Toon, 1999; Lesins et al.,
2002; Lee and Park, 2014).

The complex refractive index of the different components/mixtures
is denoted my, with ny the real and ky the imaginary part. Volume
weighted averaging of the components gives the effective refractive in-
dices of the mineral part my;,, of the solid volcanic material myq;c in-
cluding volcanic glass and minerals, and of the volcanic ash mixture
meg including volcanic glass, minerals and voids, Egs. (2) to (4).

Mefr = fvoidmvoid +(1 _fvoid)mvolc (2)

Myolc = fg]ass Mglass + (1 _fg]ass) Mmin (3)

Mpin = Zf;ninmfnin (4)
i

fvoia denotes the volume fraction that is occupied by gas pockets
with respect to the volume of a convex hull covering the complete
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porous particle, fg1,ss the volume fraction occupied by volcanic glass

with respect to the solid volume, and f'; the volume fraction of the
i mineral with respect to the crystalline volume. The bulk rock density

is calculated similarly.

2.1.2. Porosity

One central driver of volcanic eruptions is the nucleation of gas bub-
bles due to supersaturation of the magma by volatile elements. These
might grow with time and finally burst explosively. For ash particles
the volume fraction filled by bubbles can be higher than 80% (Sparks,
1978). However, the actual porosity of the ash particles is size depen-
dent: if the bubble size distribution peaks at sizes smaller than the par-
ticle size distribution, a significant amount of gas pockets might be
present. But when the original bubbles are larger than the particles, po-
rosity should be negligible, and the particles will contain bubble wall
fragments.

Theoretical considerations suggest that the majority of bubbles in
volcanic ash should have a size of a few micrometers or larger
(Sparks, 1978). Measured bubble sizes in volcanic ash show multiple
peaks, indicating multiple bubble nucleation processes (Klug and
Cashman, 1994; Genareau et al., 2012, 2013; Colucci et al.,, 2013).
Using backscattered electron images (Klug and Cashman, 1994) and
stereo-scanning electron microscopy (Genareau et al., 2012, 2013)
bubble size distributions have been shown to typically peak at diame-
ters of 10 to 20 pm, but also at radii of 0.3 pm (Colucci et al., 2013).
Using nitrogen gas adsorption Delmelle et al. (2005) concluded that
the contribution from bubbles of diameters < 0.05 pm to the porosity
is rather negligible; their pore size distributions showed small peaks
for 0.005 um. Mills and Rose (2010) found differences in the surface
area estimates of a factor 8 for volcanic ash of size < 130 um between
nitrogen gas adsorption and three-dimensional scanning electron mi-
croscope stereo-pair analyses (resolution of 0.01 um), which they con-
tribute at least partially to the occurrence of microporosity. From in-
situ measurements of plumes of degassing volcanoes Shcherbakov
et al. (2016) derived for particles with effective diameter of 1.5 to
2.8 um a porosity of 18 to 35% based on the measured aerosol refrac-
tive index. Further work to constrain the effect of microporosity on
the refractive index is encouraged, but note that with respect to the
total volume occupied by the gas pockets the main contribution
comes from bubbles with diameters larger than 10 pm (Genareau
et al., 2013; Cioni et al., 2014).

Other factors have an influence on the presence of bubbles as well.
For instance a higher silica content connected to a higher viscosity
might lead to smaller bubbles and a higher porosity (Genareau et al.,
2013). Also the distance from the volcano is an important parameter,
as larger and denser particles will sediment faster. Shipley and Sarna-
Wojcicki (1982) reported that at distances of 50 km and farther the fin-
est ash consists mainly of glass shards of fragmented porous particles.
Also Genareau et al. (2013) showed that for distances farther than
250 km from the eruptive vent/location simple particles (glassy shards
without vesicles, diameter < 30 pm) contribute the major part to the
ash with respect to the mass, whereas more complex particles (larger
with multiple imprints of bubbles and probably internal vesicles) con-
tribute less and less. However, in-plume measurements by Rose et al.
(1980) showed that in crystal-bearing volcanic ash the smallest frac-
tions consist of crystal fragments.

In this work, we consider mainly particles with radii of a few micro-
meters. As many measurements indicate that bubbles are of a similar
size or larger, we assume no internal bubbles in most parts of this
work, i.e. fyoiq = 0. For particles larger than roughly 10 um, this assump-
tion does not hold. In this case we follow Kylling et al. (2014) and as-
sume myeiq = 1. Alternatively, pumice (a volcanic glass with a porous
texture) as a component (using Volz, 1973) can be considered. The den-
sity of vesicles filled with air is significantly lower than typical volcanic
ash densities, such that we assume pyoiq = 0 g cm™>.
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2.1.3. Crystals

The presence of typical minerals as well as their relative volume
abundance can be related to the silica content according to the distribu-
tion in Fig. 3.10 (a classification scheme for igneous rocks) in Jerram and
Petford (2011) (see also Rogers, 2015; Sen, 2014; Nakagawa and Ohba,
2002) for typical silica contents x, Eq. (5).

Xs € {45,50,55,60,65,70,75} Wt.% (5)

The corresponding volume fractions with respect to the bulk silica
content are given in Table 1. In reality the composition might slightly
deviate from the distribution in Table 1. Therefore, instead of directly
applying Eq. (4), we use these fractions fi.;, as mean values, assuming
a certain variability in the composition. We add a random normally dis-
tributed value (mean of 0, width of 0.2) to each fraction fi,, set
resulting negative values to zero and normalize the distribution. Using
Eq. (4) with this new phase distribution gives us m/; . The mean of
M i, Mmin, is determined by repeating the calculation N times and av-
eraging the results. N = 10000 was found to be sufficient to get the
maximum of the wavelength-dependent standard deviation of the
real and imaginary part of M, being < 0.03. My, and a similarly calcu-
lated density are used from now on; for simplicity we drop the bar. Note
that for the refractive index a slightly different composition is used than
for the density, as corresponding data for amphibole are lacking. Thus,
the relative composition for the refractive index is calculated by
dropping amphibole prior to normalization.

The mineral phase distribution of Jerram and Petford (2011) in-
cluded potassium feldspar, plagioclase and pyroxene. The first is here
represented by orthoclase. The type of plagioclase changes depending
on the silica content, being sodium-rich for felsic and calcium-rich for
mafic ashes (Jerram and Petford, 2011). Therefore we use albite, labra-
dorite and anorthite to represent this behavior. For x; = 75 wt.% the pla-
gioclase is assumed to consist only of albite, for x;, = 54 wt.% of
labradorite and for x; = 40 wt.% of anorthite. In between we apply a lin-
ear interpolation and use a mixture of two minerals. The composition of
labradorite equals on average 40% (30 to 50%) albite and 60% (50 to
70%) anorthite (Ralph, 2020a). The pyroxene is assumed to contain
orthopyroxenes (here enstatite) and clinopyroxenes (here diopside)
in equal parts. Furthermore, quartz, muscovite, biotite, amphibole and
olivine are used.

Note that we assume that the minerals with the largest contribution
with respect to the crystalline volume also lead to the major contribu-
tions to the refractive index and the density. However, there are
minor components with respect to the volume, that might still be able
to have non-negligible influence (Best, 2003). Magnetite for instance,

Table 1

Rounded volume fractions fi"in of mineral phases in volcanic ash with respect to the crys-
talline part according to Fig. 3.10 in Jerram and Petford (2011) for different bulk silica con-
tents. The minerals are orthoclase (OC), quartz (Q), albite (AL), labradorite (L), anorthite
(AN), enstatite (E), diopside (D), olivine (OL), muscovite (MU), biotite (B), amphibole
(AM) and magnetite (MA). See text for further explanation.

Mineral Silica content x; / wt.%
45 50 55 60 65 70 75
0ocC 0.00 0.00 0.01 0.06 0.12 0.22 0.45
Q 0.00 0.00 0.06 0.13 0.23 0.33 0.23
AL 0.00 0.00 0.02 0.13 0.17 0.13 0.13
L 0.08 0.27 0.49 0.34 0.15 0.04 0.00
AN 0.15 0.11 0.00 0.00 0.00 0.00 0.00
E 0.29 0.29 0.09 0.00 0.00 0.00 0.00
D 0.29 0.29 0.09 0.00 0.00 0.00 0.00
OL 0.17 0.02 0.00 0.00 0.00 0.00 0.00
MU 0.00 0.00 0.00 0.00 0.00 0.08 0.13
B 0.00 0.00 0.05 0.12 0.14 0.08 0.04
AM 0.00 0.00 0.16 0.21 0.18 0.10 0.00
MA 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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an iron-oxide, has a much higher density than most other components
as well as a different refractive index, see Table 2 and Fig. 1. Therefore,
we assume that 1 vol.% of the ash consists of magnetite as a representa-
tive of all iron- and titanium oxides (already included in Table 1).

The wavelength dependence of the real and imaginary part of the
minerals in Table 1 (taken from different sources, see Table 2) is
shown in Fig. 1. Various refractive indices are calculated using disper-
sion analysis as described in the corresponding papers (anorthite,
clinopyroxene, muscovite, labradorite, obsidian, olivine, orthoclase,
orthopyroxene). Cases where multiple indices were given for the differ-
ent orientations of the crystal with respect to the electromagnetic field
or measurement techniques are averaged assuming equal weighting
(biotite, muscovite, labradorite, obsidian, orthoclase). For quartz the or-
dinary and the extraordinary ray are mixed 2:1 (Peterson and
Weinman, 1969). This corresponds to the assumption of random orien-
tation of the particles. Also note that some materials were glassy
(albite). For small wavelengths (< 7 um) we assume a constant refrac-
tive index m = 1.4 + 0 - i if missing.

The wavelength dependence of the component refractive indices al-
ready shows some noteworthy features. Fig. 1 (g, h) shows the minerals
typical for felsic rocks, while Fig. 1(c, d) shows minerals of mafic rocks.
The peaks of the imaginary part of the felsic minerals are slightly shifted
towards smaller wavelengths with respect to the mafic minerals, Fig. 1
(h, d). Similarly, the steep rise of the real part is shifted to smaller wave-
lengths for felsic minerals compared to the mafic minerals, Fig. 1 (g, c).
Crystalline quartz has a significantly higher peak in the imaginary part
than all other minerals, Fig. 1 (g). Note that diopside shows besides its
own characteristic features also peaks at the same wavelengths as
quartz, Fig. 1 (c, d). Fig. 1 (a, b) shows volcanic glasses for comparison:
they exhibit the same tendencies and features as the crystals (except for
magnetite) but with peaks at different wavelengths and they appear
smoother. Magnetite has a completely different refractive index than
all other components for 5 to 15 um without prominent features,
Fig. 1 (e, f); they appear for larger wavelengths (16 to 50 um) instead
(Glotch and Rossman, 2009).

The densities are taken from other sources than the refractive indi-
ces, see Table 2, and therefore might correspond to slightly different
samples. For instance the refractive index used for albite is taken from
Mutschke et al. (1998). However, their sample was in the glass state
and had a density of only 2.36 g cm™>. As we want to approximate crys-
tals, we assume a higher density of 2.625 -+ 0.025 g cm > corresponding
to crystalline albite (Ralph, 2020b). In many cases an interval of possible
densities was given. Then we use the mean and half of the width as the
uncertainty.

2.14. Glasses

For felsic compositions volcanic ash often consists mostly of glassy
particles and only to a minor fraction of minerals. Thus, the glass volume
fraction fg1ass is often rather high. Vogel et al. (2017) showed that the
glass fraction (analyzed from the areas of glass and minerals in two-
dimensional images of ash particles) is proportional to the silica content
X,. During its lifetime fy1,5s might increase even more due to sedimenta-
tion of the crystals, which have a higher density and a less rugged sur-
face than the glass shards (Shipley and Sarna-Wojcicki, 1982; Mackie
et al., 2016). This can lead to glass fractions of up to 1 (Heiken, 1974;
Rose et al., 2003).

Measurements of the refractive index and the silica content of vari-
ous volcanic glasses have been performed by Pollack et al. (1973). How-
ever, the silica content of the glass might be considerably higher than
the silica content of the bulk magma as a result of the crystals (except
quartz) being less silicic than the bulk material. Therefore, an increase
in crystalization increases the difference in silica content between
glass and bulk, up to 10 wt.% (Mackie et al., 2016). In addition, Reubi
and Blundy (2009) showed that melt inclusions (i.e. melt trapped in
phenocrysts) have a bimodal compositional distribution with a signifi-
cant absence of intermediate compositions (i.e. 59 to 66 wt.%), although
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Table 2
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Literature sources for the refractive indices at the given wavelengths A and their densities p.

Component Refractive Index Source A/ um Remark to sample/meas. Density Source p/gcm™>

Quartz glass Kitamura et al. (2007) 0.21to 50 combination of different measurements ~ Wakaki et al. (2007) 2.202 + 0.001
(5i0, 100 wt.%)

Obsidian Koike et al. (1989) 2.5t0400 KBr pellet (transmission), slab of bulk Clark (1966) 2.37 + 0.04
(Si0, 75 wt.%) (reflection)

Basaltic glass Pollack et al. (1973) 0.2to 50 slab of bulk (reflection) Clark (1966) 2.78 4+ 0.07
(5i04 53.45 wt.%)

Orthoclase Arnold et al. (2014) 2.5t040  slab of crystalline material (reflection) Best (2003) 2.59 + 0.04

Quartz Spitzer and Kleinman (1961), Peterson and 0.768to  slabs of crystalline material (reflection,  (Best, 2003) 2.65 + 0.01

Weinman (1969) 37 transmission)

Albite (Plagioclase) ~ Mutschke et al. (1998) 6.7 to 500 slabs of glassy material (reflection) Ralph (2020b) 2,625 + 0.025

Labradorite Ye et al. (2019) 5to44.4 slab of crystalline material (reflection) 0.6Panorthite + 0.4Pabite 2.70 + 0.05
(Plagioclase) (Ralph, 2020a)

Anorthite Aronson and Strong (1975) 6.25 to 40 slab of crystalline material (reflection) Ralph (2020c) 2.75 + 0.01
(Plagioclase)

Enstsatite Roush et al. (1991) 5to 25 KBr pellet (reflection) Best (2003) 3.55 +£ 035
(Orthopyroxene)

Diopside Aronson and Strong (1975), 5.88 to slab of crystalline material (reflection) Best (2003) 3.35 + 0.15
(Clinopyroxene) 43.48

Olivine Mukai and Koike (1990) 72 t0 200 KBr pellet (transmission) Best (2003) 38 £ 0.6

Muscovite Aronson and Strong (1975), Vedder (1964) 6.67 to slab of crystalline material (reflection) Ralph (2020d) 2.825 + 0.055

31.25
Biotite Querry (1983) 0.25 to slab of crystalline material (reflection) Haldar and Tisljar (2014) 3.05 + 035
55.56

Amphibole NA NA Best (2003) 3.275 + 0.225
(Hornblende)

Magnetite Glotch and Rossman (2009) 5to 100  slab of crystalline material (reflection) Ralph (2020e) 5.175 + 0.001

they are widespread. They proposed that intermediate compositions
might be created by magma mixing, and therefore contain volcanic
glasses with a silica content up to about 15 wt.% higher.

To circumvent this problem the refractive indices of volcanic glasses
are derived from bulk ash samples, for which the bulk silica content is
known. We invert Egs. (2) to (4) to obtain mgjass from meg, i.e. the
bulk refractive index, by making assumptions on the remaining

orthoclase —— albite —— olivine
—— quartz —-— labradorite —-— basaltic gl.
—— muscovite e anorthite ~ --eeeet obsidian
—— biotite —— enstatite ---- quartz gl.
—— magnetite —-— diopside

real part n
imaginary part k

%.0 7.5

10.0 125 5.0 7.5

wavelength / um

10.0 125

Fig. 1. Wavelength dependence of the real and imaginary part of the refractive index of the
minerals and glasses in use.

quantities (fyoid, Myoid, fglass ANd Mpmin, see details below). The refractive
indices of bulk volcanic ash samples are taken from Reed et al. (2018)
and Deguine et al. (2020), who investigated samples of seven
(Grimsvotn 2011, Aso 1993, Eyjafjallajokull 2010, Tongariro 2012,
Spurr 1992, Nisyros, Askja 1875) and six (Etna 2017, Grimsvétn 2011,
Calbuco 2015, Eyjafjallajokull 2010, Puyehue-Cordén Caulle 2011,
Chaitén 2008) different volcanic eruptions, respectively. The samples
cover silica contents x, from 49.1 to 70.7 wt.% and 46.5 to 74.1 wt.%, re-
spectively; x; of the Spurr sample was not given, and therefore is taken
from Vogel et al. (2017). The particle diameter are mostly < 3 pum. The
silica contents were determined by X-ray fluorescence analysis and
the refractive indices from the extinction spectra of volcanic ash
suspended in nitrogen in the infrared to ultraviolet spectrum. The den-
sities were given neither by Reed et al. (2018) nor by Deguine et al.
(2020); thus, we use the linear relation by Vogel et al. (2017) to calcu-
late the bulk dense rock equivalent density of volcanic ash from the sil-
ica content; an uncertainty of 0.1 g cm™> is assumed. As the particles are
small we assume that porosity is negligible, i.e. f,0i.q = 0 (therefore,
Myoiq is Not needed). For the glass fg1ass = X5/100 wt.% + 0.05 is chosen
(Vogel et al., 2017). The mineral composition is based on the rounded x;
(to 45, 50, 55 wt.% etc., see Table 1); the uncertainty is set to 2.5 wt.%.
The potential impact of the adjusted parameters is demonstrated with
an example, then mygs is calculated using the assumptions. Negative
values are set to zero.

We combine our volcanic glass calculations with the laboratory mea-
surements of basaltic glass, obsidian and quartz, see Table 2. For basaltic
glass the silica content (xs = 53.45 wt.%) was given by Pollack et al.
(1973). For obsidian the silica content was not given, but the refractive
index is similar to the obsidian refractive index in Pollack et al. (1973),
with values around x; = 75 wt.%. Quartz glass as a pure silicate glass (i.e.
Xxs = 100 wt.%) does not appear as a volcanic glass in nature. However,
as the volcanic glasses from mafic to felsic have an increasing silica con-
tent, quartz glass can be considered as an extrapolation of this regime.
Note that for basaltic glass and obsidian we ignore the possible difference
between bulk and glass silica content. The refractive indices of the glasses,
Fig. 1, show a similar behavior as the minerals with respect to the silica
content, but the peaks are generally smaller and overall smoother.

In the next step we follow Prata et al. (2019) and perform separately
a wavelength-dependent linear regression for the real (n) and
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imaginary part (k) of the refractive index of volcanic glass, using x as
the independent variable. For instance the peak of k shifts towards
smaller wavelength with increasing xs for volcanic glasses (see Sec.
2.1.3). Therefore, it is possible that for a specific wavelength k first in-
creases, reaches a maximum, and then decreases again. Thus, we as-
sume for the fit a quadratic function, Eq. (6).

8i = a; + bix + cix? (6)

g;is nor k of volcanic glass at a wavelength i, and g;, b;, ¢; are the corre-
sponding fit coefficients. Finally, we use these functions to calculate the
real and the imaginary part of the refractive index of volcanic glasses
from 45 to 100 wt.% with the corresponding 10 prediction band. Again,
occasional negative values are set to zero. Similarly, we calculate the
density, only using a linear instead of a quadratic function.

2.2. Microphysical properties of volcanic ash

Next we compile typical sizes and shapes of volcanic ash in order to
quantify the impact of these microphysical properties on the optical
properties of volcanic ash. Then we compare these impacts with the ef-
fects of the composition in order to select parameters for the determina-
tion of a representative set of optical properties.

2.2.1. Size distribution of volcanic ash particles

First, we select the type of size distribution for volcanic ash particles.
The Weibull distribution has been reported from measurements
(Stevenson et al., 2015), in addition the modified gamma distribution
(Prata, 1989; Prata and Grant, 2001; Gangale et al., 2010) or more
often the log-normal distribution (Farlow et al., 1981; Prata, 1989;
Prata and Grant, 2001; Yu et al., 2002; Gangale et al., 2010; Grainger
et al.,, 2013; Lee et al., 2014; Stevenson et al., 2015) has been used to
characterize volcanic ash particles. Also multi-modal distributions
have been reported (e.g. Wohletz et al., 1989; Riley et al., 2003). As
the size of volcanic tephra variees over a large regime, we use log-
normal distributions (Limpert et al., 2001) described by Eq. (7).

2
1 (In(r)—1In(rm)
No exp |:_7< In(s) ) :l

n(r) V2m In(s)r

(7)

Ny denotes the total particle number density, r the radius (see also
Sec. 2.2.2 for non-spherical particles), r,,, the median and s the geometric
standard deviation parameterizing the width of the distribution. The ef-
fective radius reg, defined as the quotient of the third to the second mo-
ment of n(r), becomes Eq. (8).

Teff = I'm €XP (g In (5)2> (8)

With respect to remote sensing applications, we are interested in
fine ash particles and consider re¢ € {0.6, 1.8, 3, 4.5, 6}um. This regime
has been investigated in the laboratory (Reed et al., 2018; Deguine
et al., 2020), in-situ (Rose et al., 1980; Schumann et al., 2011) and in
many remote sensing applications (Pugnaghi et al.,, 2013; Grainger
etal,, 2013; Ishimoto et al., 2016). However, there is some unsolved dis-
crepancy between the typical sizes in air- and spaceborne investigations
and those found for cryptotephra. The latter shows systematically
higher values, e.g. median number diameters (i.e. long axis length as
used in the field of cryptotephra) of 20 to 70 pm at distances of about
1000 km (Stevenson et al., 2015) or mode diameters (average of 64 di-
ameters) for mass density distributions of 90 um at 1400 km (Rose et al.,
2003). These variations might arise from differences in the measuring
techniques and their sensitivities (Stevenson et al., 2015). Theoretically,
considering only sedimentation for spherical ash particles, those larger
particles are expected to fall out of the atmosphere fast, e.g. particles
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with radii around 20 um should stay in the troposphere less than one
day, whereas particles with radii of 1 um might remain up to months
(Grainger et al., 2013). However, as volcanic ash particles are not spher-
ical but sometimes highly irregular, their terminal velocity might be sig-
nificantly lower, and therefore their atmospheric residence time could
be longer (Rose et al.,, 2003; Riley et al., 2003).

Typical values for the spread s in Eq. (7) are 1.53 to 1.74 (for ash from
MLt. St. Helens, Farlow et al., 1981), 2.1 (for ash from Mt. Redoubt, Wen
and Rose, 1994), 1.38 to 1.66 (from cryptotephra, Stevenson et al., 2015)
or 1.5 to 1.77 (applied in Grainger et al., 2013). Thus, we consider
s € {1.5, 2.0} in the following analysis.

2.2.2. Shape of volcanic ash particles

Second, we consider the shape of volcanic ash particles. These usu-
ally have a very rugged surface. However, for simplicity we confine
our analysis to spheres and pro- and oblate spheroids. Kylling et al.
(2014) showed that the differences in optical properties between
non-spherical rugged vesicular volcanic ash particles and volume-
equivalent spheres with an effective refractive index corrected for the
vesicles is small for the sizes considered here. For larger particles
these differences as well as the variability between different realistic
particle shapes increases.

Typical aspect ratios of volcanic ash are 1.4 (Vogel et al,, 2017), 1.38
to 1.81 (Ball et al., 2015), 1.8 to 2.2 (Schumann et al., 2011), 1.4 to 2.5
(Riley et al., 2003). Vogel et al. (2017) suggest that the aspect ratio de-
creases to 1.25 to 1.3 for radii smaller than 5 pm. The density distribu-
tion with respect to the aspect ratio can be parameterized by a
modified log-normal distribution, Eq. (9) (Gasteiger and Wiegner,
2018).

2
exp [_% (tnte=ti=tntee=1) }

() = V21 0y (6—1) ®)

¢ denotes the aspect ratio, & its median and o, the spread. Kandler
etal. (2007) described Saharan dust by Eq. (9) with &, = 1.64 and 05, =
0.66. To show that the same distribution can be used for volcanic ash we
apply it to the aspect ratio distribution of two Sakurajima samples from
Miwa et al. (2015), Fig. 2. Fitting yields &, = 1.7 and 0, = 0.45. Thus, we
consider & € {1.5, 2.0} and 03, € {0.45, 0.66} in the following analysis.

The definition of a radius is ambiguous for non-spherical particles.
We consider the cross-section-equivalent radius in our study (except
when stated otherwise), Eq. (10).

§
re= /=52 (10)

Cgeo denotes the orientation-averaged cross section of the particles
(Gasteiger and Wiegner, 2018). Other definitions of the radius, e.g. via
the volume (r,) or the volume to cross-section ratio (ryc), are given in
Gasteiger and Wiegner (2018). As these different definitions result in
different values for the radius for the same particle, and as the size

1.5 ]
- fit, £0=1.71, 0,,=0.45
— fit, £0=1.69, 05, = 0.44
1.0
2 « sample #1
ol « sample #2
© 0.5
0.0

1 2 3 4 5
aspect ratio

6 7 8910

Fig. 2. Fit of the modified log-normal distribution to the aspect ratio distribution given by
Miwa et al. (2015).
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distribution has a large impact on the optical properties (as will be
shown in Sec. 3.2), the radius definition may introduce a significant un-
certainty in the optical properties. Gasteiger and Wiegner (2018)
pointed out that the appropriate choice depends on the measurement
technique applied to determine the size distribution. However, we com-
bine literature values from different measurement techniques. Thus, the
influence of the radius definition on the optical properties is investi-
gated in a sensitivity study.

2.3. Optical properties of volcanic ash and a simplified model for BTD;; 12

The composition (i.e. refractive index) and the microphysical prop-
erties are used to calculate the optical properties (mass extinction coef-
ficient, single scattering albedo and asymmetry parameter). To calculate
these properties we use the tool MOPSMAP version 1.0 (Gasteiger and
Wiegner, 2018). It comprises a precalculated data set of optical proper-
ties for single particles in random orientation, using Mie theory for
spheres and the T-matrix method for spheroids. Then MOPSMAP com-
putes the optical properties for a given ensemble of different single par-
ticles by averaging their properties. The input consists of the particle
size and shape distribution, the refractive index and the bulk density.
Wavelengths between 5 and 15 pm are considered at a resolution of
0.1 pm.

Using the optical properties one can calculate the brightness tem-
perature difference BTD;;_1, as measured from satellite. Here we
adapt a simple model of a single homogeneous volcanic ash layer as de-
scribed by Prata and Grant (2001) (and applied in Prata and Prata, 2012;
Prata et al,, 2019). Only two wavelengths (11 and 12 um) at nadir are
considered and scattering effects are neglected. For theses wavelengths
surface emissivities range roughly between 0.95 and and 1, depending
on the surface type and the exact wavelength (Zhou et al.,, 2013). How-
ever, for simplicity we assume that the Earth's surface behaves like a
black body and that the atmosphere is transparent except for the ash
cloud; thus, we obtain Egs. (11) and (12).

Ii1 = (1—t11) B11(Tc) + t11 B (Ts) (11)

I1; = (1—t12) B1a(T¢) + t12 B12(Ts) (12)

Here I, denotes the spectral radiance measured at the top of the at-
mosphere, B, the Planck function, T and T, the temperatures of the
Earth's surface and the cloud top, respectively. ty = exp (—B\pL) is
the transmissivity with the mass extinction coefficient 3,, the mass con-
centration p and the geometrical cloud thickness L. We consider a test
case with typical values of L = 1000 m and p = 0.5 mg m~—° (e.g.
Schumann et al., 2011), Ts = 290 K and T, = 220 K (about 10 km).

3. Results
3.1. Refractive indices

To begin we consider the potential impact of the parameters fgi,ss,
fvoia and x; on the derivation of volcanic glass refractive indices. Fig. 3
shows example calculations for the refractive index of volcanic glass de-
rived from the the bulk refractive index of Eyjafjallajokull ash by
Deguine et al., 2020, which lies with 58.6 wt.% in the center of the re-
gime of typical silica contents. The corresponding densities are given
in Table 3. A reference calculation is shown (fgjass = 0.59, fyoia = 0,
xs = 60 wt.%) and the results for different variations of the reference set-
tings. A change of fgjass by £0.05% leads only to minor changes of the
volcanic glass refractive index and density. However, for the extreme
case fylass = 1 the imaginary part of the refractive index increases partly
by up to 0.5 and the density by 7%. The variation of x; by 4+5 wt.% can
lead to changes of the refractive index up to about 4-0.2, whereas the
change in the density is of the order of 1%. f0iq has the largest impact:
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—— reference with fgjass = 0.59, fyoig = 0, Xs=60Wt.%

differences from reference

fg/ass=0.54, fg/ass=0.59, fg/ass=0.59,
““““ fvoid=0-0: fvoid=o-1: fvoid=o-O:
Xs=60wt.% Xs=60wWt.% Xs=55wt. %
fglass=0.64, fglass=0.59, fglass=0.59,
-== fig=0.0, == fig=0.2, — fig=0.0,
Xs=60wt.% Xs=60wt.% Xs=65wWt. %
fglass= 1, fglass=o-59:
— fia=0.0, — fy0ig=0.3,
Xs=60wt.% Xs=60wt.%

real partn
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imaginary part k
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o
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Fig. 3. Wavelength dependence of the real and imaginary part of the refractive index of
volcanic glass derived from the bulk refractive index of Eyjafjallajokull ash by Deguine
et al., 2020; a reference value is given (black), whereas for the other settings the
reference is subtracted, i.e. the difference with respect to this reference is shown (blue,
green, red); the parameters fgj,ss, fuoia and X, are varied.

Table 3

Density of volcanic glass derived from the bulk properties of Eyjafjallajokull ash by
Deguine et al. (2020), varying the parameters fgjass, fuoia and Xs; the reference calculation
is given in the first line, for the other settings the relative deviation of the density with re-
spect to the reference density is given as well.

Xs [ Wt% felass Fuoia Pglass / g cm >
60 0.59 0.00 2.61 (ref.)
60 0.54 0.00 2.56 (—2%)
60 0.64 0.00 2.64 (1%)
60 1.00 0.00 2.79 (7%)
60 0.59 0.10 3.14 (20%)
60 0.59 0.20 3.80 (46%)
60 0.59 0.30 4.65 (78%)
55 0.59 0.00 259 (—1%)
65 0.59 0.00 2.61 (0%)

for fyoia = 0.3 the real part of the refractive index increases by up to 1
and the imaginary part by about 0.8; also the density exhibits an in-
crease of close to 80%.

Next the refractive indices for volcanic glasses calculated from all
measurements of bulk volcanic ashes by Reed et al. (2018) and
Deguine et al. (2020) are considered in Figs. 4 and 5, respectively; the
latter are extrapolated from 14.49 um up to 15 pm. Also shown are the
refractive indices for obsidian, basaltic and quartz glass. Noteworthy
are the dips between 9 and 10 um for both n and k in the calculated re-
fractive indices, Figs. 4 (a, b) and 5 (a, b). For the felsic cases this is prob-
ably due to the high peaks of crystalline quartz, whereas for the mafic
cases a similar (although weaker) peak was visible in the diopside sam-
ple, Fig. 1. Interestingly, these dips are present for the measured volcanic
glass refractive indices, such that these exhibit more features than the
smoother bulk refractive indices (Reed et al., 2018; Deguine et al.,
2020). In Fig. 4 (b) the imaginary part of the refractive index becomes
negative for the samples of Aso and Tongario for wavelengths of 10 to
12 pm, and therefore is set to zero here. Similarly, the imaginary parts
of some refractive indices are set to zero for wavelengths < 8 pm,
Figs. 4 (b) and 5 (b).
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—— Askja Eyjafjallajokull #1 —-— basaltic gl.
—— Nisyros Eyjafjallajokull #2 - obsidian
—— Spurr — Aso ---- quartz gl.
—— Tongariro —— Grimsvotn
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Fig. 4. Wavelength dependence of the real (a) and imaginary part (b) of the refractive
indices of the volcanic glasses calculated from refractive indices of Reed et al. (2018) for
bulk volcanic ash samples of different volcanos; (c) shows the corresponding R? value
for the linear regression result at each wavelength.

—— Chaitén —— Calbuco —-— basaltic gl.
Puyehue- —— Grimsvotn e obsidian
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Fig. 5. As Fig. 4 but using refractive indices of Deguine et al. (2020).

Figs. 4 (c) and 5 (c) show the coefficient of determination R? for the
wavelength-dependent linear regression. A perfect fit results in R = 1,
whereas a constant fit function returning the mean leads to R* = 0. The
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latter might happen if there is no clear functional dependence between
the refractive index and the silica content. In Fig. 4 (c) R? of the real part
is mostly around 0.7 up to 10 um, except for a dip between 9 pm and
9.5 um. Between 11 um and 15 pm it is mostly < 0.25; this is because
of the missing quadratic relationship between the refractive index and
the silica content (e.g. the real parts of the volcanic glasses of Nisyros
and Tongariro are between those of Grimsvétn and Aso, although the
last two both have lower silica contents than the first two). For the
imaginary part R? is roughly zero up to 8 um as the imaginary parts of
the volcanic glasses are mostly zero (or are set to zero if they become
negative). R? rises to values of approximately 0.8 at wavelengths of 8
to 9.5 um. Beyond that it remains < 0.25 up to roughly 13.5 um; this
might be partly due to the vanishing imaginary parts of the refractive in-
dices of the volcanic glasses of Aso and Tongariro. Fig. 5 (¢) shows sim-
ilar values for R? as Fig. 4 (c) up to 9.5 um. Beyond that R? decreases for
the real and imaginary part to values mostly between 0.25 and 0.5, ex-
cept for a dip of R? of the imaginary part to zero at 13 um, where the
imaginary part of quartz glass intersects all other imaginary parts. Cal-
culating the average R? of the real and imaginary part between 8 um
and 12 um gives 0.41 and 0.4 using Reed et al. (2018), and 0.64 and
0.62 using Deguine et al. (2020). This shows that the linear regression
performs significantly better using the data of Deguine et al. (2020)
compared to Reed et al. (2018). Therefore, we will use only the data de-
rived from Deguine et al. (2020) from now on. In the next step we use
the linear regression results to calculate the wavelength dependence
of the refractive indices of volcanic glasses for bulk silica contents x; be-
tween 45 and 100 wt.%, Fig. 6. Fig. 7 shows the calculated glass densities.
The linear regression yields R* = 0.88.

Mathematically n and k are connected by the Kramers-Kronig rela-
tion (Lucarini et al., 2005). Its singly subtractive version is given as
Eq. (13).

n(e)—n(w,) 2 k(o) _

= (@) (@—at)

(13)

o and o, are two wavenumbers and P denotes the Cauchy principal
value of the integral. To check the consistency of the retrieved volcanic
glass refractive indices we evaluate if the Kramers-Kronig relation is still
fulfilled (Deguine et al. (2020) used a similar approach to determine the
real parts of the refractive indices). We extend the imaginary part k of
the refractive index assuming k « A~ for wavelengths A > 15 pm and
k « A3 for A < 5 um (Herbin et al., 2017). The choice of the anchor
point n(w,) is crucial for the method (Herbin et al., 2017); we choose
®, = 1000cm ™! such that the integrand in Eq. (13) becomes largest
in the center of the considered spectral regime where also the main

— 45 wt.% 65 wt.% 85 wt.%
— 50 wt.% — 70 wt.% 90 wt.%
55 wt.% — 75 wWwt.% — 95 wt.%
60 wt.% — 80 wt.% — 100 wt.%
3
b
¥4
- 2%
=2 Q
8 s
© 1c
] =
0
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Fig. 6. Wavelength dependence of the real and imaginary part of the refractive indices of
the volcanic glasses calculated from the linear regression results for different bulk silica
contents.
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Fig. 7. Density of the volcanic glasses calculated from the bulk samples of different silica
contents, typical densities for basaltic, obsidian and quartz glass, and the linear fit for
these data.

absorption feature is located, Fig. 5 (b). n(®,) is taken from the individ-
ual regression results. The relative deviation of n by Kramers-Kronig and
linear regression relative to the latter is up to £10% for 5 to 14 pum. For
wavelengths > 10 um the deviation increases for larger wavelengths
and lower silica contents. At 15 pm the deviation for x; = 45 wt.% is
—17%. Note that this might be at least partially connected to the fact
that an assumption was used for k for wavelengths > 15 pm instead of
real measurements.

Next we can calculate the refractive indices for different mixtures of
volcanic glasses, minerals and bubbles, Fig. 8. We vary different param-
eters within realistic ranges in order to investigate their impact on the
refractive indices of volcanic ashes, i.e. x; from 45 to 75 Wt.%, fgiass
from x,/100 wt.% to 1 and f,iq from 0 to 0.75. In pink, the refractive
index for fg12ss = 0 is shown, i.e. the pure mineral case. The grey shaded
area shows the 68% prediction band for the pure volcanic glass case, i.e.
for fgiass = 1and fyoig = 0. This band shows a significant spread, which in
many cases is of the same order or even larger than the variability due to
minerals.

3.2. Optical properties

Next we quantify the impact of the different microphysical proper-
ties and the composition on the optical properties. The largest spread
and the corresponding wavelength are given for each property in
Table 4. Considering the size distributions described in Sec. 2.2.1 (lim-
ited within MOPSMAP to r € [0.001, 30]um) for spherical particles and
using the refractive index of Eyjafjallajokull ash of Deguine et al.
(2020) and a density of 2.79 g cm— (calculated from the silica content
and the linear relation of Vogel et al., 2017) we obtain the optical prop-
erties shown in Fig. 9. regras well as s have a great influence on the opti-
cal properties, with r.r dominating over s. The single scattering albedo,
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Fig. 8. Wavelength dependence of the real and imaginary part of the refractive indices of
volcanic ash mixtures of glasses, minerals and voids with different compositions. fgass is
indicated by the color, fi0iq by the linestyle. x; has values of 45 wt.% (a, b), 55 wt.% (c, d),
65 wt.% (e, f) and 75 wt.% (g, h). Grey shaded is the 68% prediction band for the pure
volcanic glass, i.e. for fgjass = 1 and fyoia = 0.

Fig. 9 (b), shows that for small re¢ (0.6 pm) absorption dominates over
scattering for wavelengths above 8 um, whereas absorption and scatter-
ing are of similar importance for larger reg (> 1.8 um). The asymmetry
parameter, Fig. 9 (c), increases with increasing rg;, i.e. forward scatter-
ing becomes dominant.

Next we consider different particle shapes (spheres, pro- and oblate
spheroids; r € [0.001, 30]pm) and shape distributions (log-normal dis-
tributions of spheroids as described in Sec. 2.2.2; r € [0.001, 13]um).
For aspect ratio distributions ¢ is limited to [1,5], split in 10 intervals.
Pro- and oblate spheroids are used in equal parts. Considering different
sizes (log-normal distribution with r.¢ € {0.6, 3, 6}um, s = 1.5) we find
that the shape has small influence on the optical properties with differ-
ences up to 10%, see Fig. 10 and Table 4.

To study the sensitivity with respect to the radius definition, we con-
sider different possibilities (with r € [0.001, 13/12/9]um for r, 1, and
T'ver, Tespectively) for different sizes (log-normal distribution with
Terr € {0.6, 3, 6}um, s = 1.5) and a non-spherical shape (pro- and oblate
spheroids with log-normal aspect ratio distribution with &5 = 1.5 and
0, = 0.45), Fig. 11. The absolute differences are rather small although
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Table 4

Maximal spreads (A) in the optical properties mass extinction coefficient (Ext.), single
scattering albedo (SSA) and asymmetry parameter, and the corresponding wavelengths
() for the variation of different properties.

Teff / UM Ext. / % SSA Asym. param.
A A/ pm A A /pum A A/ um
Size
- 301 9.6 0.64 7.9 0.79 8.1
Shape
0.6 39 10.1 0.04 7.6 0.02 11.0
3.0 23 10.6 0.02 7.9 0.02 8.1
6.0 29 5.0 0.03 11.7 0.04 5.0
Radius definition
0.6 10 10.4 0.03 7.6 0.02 5.0
3.0 11 103 0.01 7.9 0.02 10.0
6.0 12 6.9 0.01 8.0 0.01 5.1
Composition (Refractive Index)
0.6 564 9.2 0.64 7.2 0.07 10.8
3.0 184 9.3 0.80 7.8 0.20 5.0
6.0 117 7.7 0.73 7.8 0.25 6.3

the relative differences can go up to about 17.5%. Generally, 1y leads to
larger differences from r. than r,. The differences tend to decrease with
increasing ref.

Finally, we consider the influence of the volcanic ash composi-
tion (i.e. the refractive index and the corresponding bulk density)
on the optical properties. Therefore, we consider spheres of
different sizes (log-normal distribution with reg € {0.6, 3, 6}um,
s = 1.5; r €[0.001, 20]um) and the refractive indices from Fig. 8
(but only fyoia = 0 and fgiass > 0; 63 compositions in total). Note
that this computation corresponds to assuming an internal mixture,
since we use an effective refractive index for all particles in an en-
semble, instead of different refractive indices of different glasses/
minerals for the single particles. Although the main behavior of
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Fig. 9. Mass extinction coefficient (a), single scattering albedo (b) and asymmetry
parameter (c) for ensembles of spherical particles with a log-normal size distribution
with different reg and s with the refractive index of Eyjafjallajokull ash Deguine et al.
(2020).
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the optical properties is determined by reff, the refractive indices
introduce a significant variability, see Fig. 12 and Table 4.

4. Discussions

Considering the refractive indices of volcanic glasses in Fig. 6, there
are some general features observable. Up to 8 um there is relatively little
variation in the imaginary part, Fig. 6 (b), but significant variation for
larger wavelengths. Similar results have been found by Reed et al.
(2018). In the real part there is small variability approximately at
11 pm and 13 pum, Fig. 6 (a). Similar points appeared in the models of
the refractive index of Prata et al. (2019). The peak of the imaginary
part (of the broad feature, neglecting the small troughs due to single
minerals) varies between roughly 10 um for 75 wt.% and 11 um for
45 wt.%, Fig. 6 (b). For comparison, in laboratory measurements peaks
were found to be in the range 9 to 10 um (Reed et al.,, 2018) or 10 to
10.5 um (Deguine et al., 2020). The width of the peak varies also de-
pending on the composition. In Prata et al. (2019) and Deguine et al.
(2020), a shift of the peak towards higher wavelengths and an increase
of width was shown to be connected to a lower silica content. Fig. 6
(b) shows a similar behavior for our volcanic glasses. Also the real part
shows a similar dependence on the silica content as in Prata et al.
(2019) and Deguine et al. (2020), e.g. a negative correlation of the re-
fractive index and the silica content for wavelengths 5 to 8.5 pm and
11 to 15 pm, but a positive correlation for 9.5 to 11 um, Fig. 6 (a). How-
ever, the amplitudes of the refractive indices are much smaller in Reed
et al. (2018) and Prata et al. (2019). The comparison indicates that the
qualitative behavior of volcanic glass and the the bulk volcanic ash are
similar. Note that we calculated the refractive indices of volcanic glasses
using the data of Deguine et al. (2020) instead of the results of Reed
et al. (2018), as R? using the latter is generally lower, Figs. 4 (c) and 5
(c). Deguine et al. (2020) also showed that their results are in better
agreement with the glass refractive indices from Pollack et al. (1973)
than the results by Reed et al. (2018). As pointed out by Deguine et al.
(2020) different assumptions with respect to the shape (spheres and el-
lipsoids) might be the reason for the large differences in the refractive
indices.

Fig. 8 allows us to estimate the importance of different composi-
tional properties regarding the refractive indices. For instance the differ-
ence between the pure minerals (pink in Fig. 8) and the pure glass (solid
black) is generally small, except for the typical quartz peaks between 9
and 10 um. Also the influence of the minerals is more visible for volcanic
ashes with x; = 45 wt.%, Fig. 8 (a, b), which can also have more crystals,
i.e. alower fg1ass. However, the porosity is significant, leading to a flatten-
ing of the real part n of the refractive index, Fig. 8 (a, ¢, e, g), and a low-
ering of the peak amplitude in the imaginary part k, Fig. 8 (b, d, f, h). Also
the silica content x; has a large impact: whereas the imaginary part k of
the refractive index reaches up to about 1 for x;, = 45 wt.%, Fig. 8 (b), it
increases up to about 1.5 for x; = 75 wt.%, Fig. 8 (h).

We note that these results should be treated with some caution: we
make various assumptions, each of them having a non-negligible im-
pact. For instance the calculations are based on different refractive
index measurements of minerals using different techniques and instru-
ments, and some may be less accurate than others (e.g. anorthite does
not become zero for small wavelengths, diopside exhibits some features
that are very similar to quartz, Fig. 1). Also, all the minerals are investi-
gated in form of KBr pellets or pure crystalline slabs, whereas the volca-
nic ash samples were measured in suspension in nitrogen gas (Reed
et al., 2018; Deguine et al., 2020). Furthermore, we considered only a
subset of all possible minerals in volcanic ash and assumed that all
ashes of the same silica content have the same mineral phase distribu-
tion. Both assumptions might fail in specific cases. The volume weighted
averaging is certainly valid for the density, but might have its limits for
the refractive index. For instance, the refractive index of a particle
consisting of a crystal covered by glass might be stronger influenced
by the glass than by the mineral. Our assumptions for fioid and fgiass
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Fig. 11. Mass extinction coefficient (a), single scattering albedo (b) and asymmetry
parameter (c) for ensembles of particles with a log-normal size distribution with
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differences are shown (right axis).

are based on statistical analyses rather than on individual measure-
ments. Especially a non-neglibile porosity might significantly alter the
derived refractive indices of volcanic glasses, Fig. 3 and Table 3. Also
the assumption of bubbles filled with air instead of specific gases
resulting in the approximations my,eiq = 1 and pyeiq = 0 should be men-
tioned here. For the calculation of the volcanic glasses we relied on the
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measurements of Deguine et al. (2020). However, comparing these
with Reed et al. (2018) shows that very similar measurement tech-
niques might still result in different refractive indices. Also the refractive
indices from both, Reed et al. (2018) and Deguine et al. (2020), do not
show the large peaks of crystalline quarz, which leads to troughs in
our volcanic glass refractive indices.

Comparing the results in Table 4 for the spreads in optical properties
we see that with respect to the mass extinction coefficient the radius
definition leads to the smallest variability, followed by the shape. Size
and composition have a similar large impact in general, with the impact
of the composition increasing with decreasing r.g. Note that the maxi-
mum spread due to the composition is located at a wavelength of 9.2
to 9.3 um for reg = 0.6 um and 3.0 um, respectively, which is where
the major quartz peak is located, Fig. 12 (a, b). Thus, a single crystal
leads to this large impact. Considering the single scattering albedo the
ranking of importance is the same. Here most maximum spreads are lo-
cated at 7.3 to 8.0 um. At this point the single scattering albedo drops
from close to 1 to below 0.5. This drop can be slightly shifted, Fig. 9
(b), such that the maximum spread in this regime can be larger than
the general variability. Finally, with respect to the asymmetry parame-
ter the size leads to the largest spread, followed by the composition,
followed by the shape and the radius definition. Based on these rankings
we decide to incorporate the full variability due to size and composition
to create our representative data set of optical properties for volcanic
ash. Thus, the size distributions for all r.¢ and s are considered, as well
as all refractive indices. For shape and radius definition the impacts
are relatively small such that a single setting is indeed sufficient. Thus,
for the shape a log-normal distribution with & = 1.5 and 0,, = 0.45
and the radius definition r. are used. The ranking also indicates that
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Fig. 12. Mass extinction coefficient (a, b, c¢), single scattering albedo (d, e, f) and
asymmetry parameter (g, h, i) for ensembles of spherical particles with a log-normal
size distribution with different r¢r and s = 1.5 for different refractive indices (see text).
The different silica contents are marked by color.
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mainly size and composition are needed for a fast calculation of the re-
fractive index and the optical properties of a specific volcanic ash.

Regarding satellite remote sensing two further points should be
stressed: First, the dominant peak of the mass extinction coefficient
around 10 um decreases with increasing re, Fig. 9 (a), and finally van-
ishes, leading to a strong dependence of BTD{{_ 13 ON Teff; fOr T'egr > 6
um the signal in BTD1;_1, might disappear or even become positive.
This dependence has also been pointed out by Prata (1989); Wen and
Rose (1994); Stevenson et al. (2015). Second, the dependency of the op-
tical properties on the silica content is visible in Fig. 12. For instance for
large particles (1o = 6 um) the mass extinction coefficient correlates
roughly with the silica content for 8.5 to 12 pm, Fig. 12 (c). However,
for small particles (1 = 0.6 um) the behavior changes in the regime
10 to 12 pm: here the quantities anti-correlate, Fig. 12 (a). Similar de-
pendencies are visible for the single scattering albedo, Fig. 12 (d, e,
f) and the asymmetry parameter, Fig. 12 (g, h, i). In particular the silica
dependencies of the mass extinction coefficient, Fig. 12 (a, b, ¢), indicate
that there might be a possibility to retrieve the silica content as a proxy
for the composition by satellite.

As noted in the introduction, BTD;;_1, can be considered for the de-
tection of volcanic clouds via satellite. Using our representative set of
optical properties (as outlined above and calculated for r € [0.001,
12]um) we determine BTDq;_1, for an example (Sec. 2.3) of small par-
ticles (refr = 0.6 um, s = 1.5). In this case neglecting scattering effects
(Sec. 2.3) is valid as the single scattering albedo for these particles is
below roughly 0.4, but there is large variability with respect to the com-
position, Fig. 12(a, d, ). BTD11_12 is then —1.9 £ 0.7 K and ranges from
—2.8to —0.7 K, i.e. all BTD;; 1 are negative for the specific size, Fig. 13.
Note that the standard deviation is already larger than for instance the

® 45wt% o fglass=0.45 # Chaitén
® 50wt% o fyass=0.55 &8 Puyehue-Corddn Caulle
2 Zz w::f o  fyass=0.65 g (E:yjlzfjallajokull
wt.% albuco
O 65wt% ®  folass=0.75 8 Grimsvotn
© 70wt% @ fgass=0.85 g Etna
® 75Wt% @ fyass=0.95
v f
&8
€10 D
~ \
e =
E 1.5 &&*
g - é@
c
o
(]
= Q)
5 —2.0 o
o &“‘&
3
© /
L-25
g
- V
]
B -3.0
Ny
2
4
=35 *

284.5 285.0 285.5 286.0 286.5 287.0 287.5 288.0 288.5
brightness temperature at 11um / K

Fig. 13. Brightness temperature at 11 pm vs. brightness temperature difference at 11 um
and 12 pm for different compositions (as derived in Sec. 3.1), a log-normal size
distribution (refr = 0.6 um, s = 1.5), and a ob—/prolate spheroidal shape with a
modified log-normal aspect ratio distribution (go = 1.5, 05 = 0.45). Also marked are
the results for the refractive indices from Deguine et al. (2020) for the same
microphysical properties.
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instrumental uncertainties of the 10.8 um and 12.0 um channels of the
radiometer MSG-SEVIRI, which are of the order of 0.06 K and 0.10 to
0.16 K in-flight at 95 K (EUMETSAT, 2019; Schmetz et al., 2002b),
stressing the importance to consider the correct composition in remote
sensing retrieval applications. Fig. 13 shows that in this case different
silica contents (indicated by the color) might be separable up to a cer-
tain degree. The size of the markers also indicates fgjass. Within this
model an increase in fgass leads to an increase in BTDq;—12. However,
the differences from fgass are much smaller than those due to x,, and
of a similar order as the instrumental noise. Crosses indicate the results
for the refractive indices of Deguine et al. (2020). They are aligned along
the results of our representative data set, but some show large devia-
tions from our calculations of similar silica content, e.g. Grimsvotn. Its
peak in the imaginary part is shifted to larger wavelengths, Fig. 5 and
Deguine et al. (2020), which results in a more negative BTD;;_1». This
shows that the variability of the refractive index of volcanic ash might
be even larger than what is covered by our method.

5. Conclusions

Monitoring and initializing of nowcastings for volcanic ash clouds is
regularly performed using satellite-borne passive infrared imagers. As
these retrievals often rely on radiative transfer calculations, a good
knowledge of the microphysical properties and the complex refractive
index of volcanic ash is necessary. In this work we describe a method
to calculate the complex refractive index of volcanic ash in the infrared
(5 to 15 um). This can be done for different volcanic ash compositions
with respect to volcanic glasses, crystalline minerals and vesicles. The
main parameters are the silica content, the glass fraction and the poros-
ity. We compose a set of complex refractive indices in the infrared of the
individual crystalline components as well as their densities. Combining
these according to a typical silica dependent distribution from the liter-
ature we get effective refractive indices for the mineral part. These are
used to determine the refractive indices of various volcanic glasses
from the refractive indices of corresponding bulk samples from the liter-
ature. A wavelength dependent linear regression between the refractive
indices of the volcanic glasses and the bulk silica content is performed.
Subsequently, the refractive indices of the minerals and the glasses are
combined for different compositions (varying silica content, glass frac-
tion and porosity). Our results indicate that the impact of the glass frac-
tion seems to be rather negligible compared to the impact of the silica
content, which in turn may have less influence than the porosity. How-
ever, a short literature review indicates that the last might be negligible
for particle sizes of the order of 1 um, although this is not fully settled.
The density of the volcanic ash was determined similar to the refractive
index.

Furthermore, we review typical microphysical properties (size and
shape) of volcanic ash. Calculating the resulting optical properties we
show that the size and the composition lead to the largest variations
with similar impact, whereas the considered shapes and radius defini-
tions play a minor role. We show that the extinctions for 11 to 12 yum ex-
hibit a size dependence such that the corresponding brightness
temperature difference BTD;_1, might become non-negative, and
thus the criterion BTD;_1» < 0 regularly applied for volcanic ash detec-
tion by satellite might not be applicable for roughly reg > 6 pum. A small
single scattering albedo is observed for small particles, whereas scatter-
ing and absorption are more balanced for larger particles. Applying a
simple model we estimate the range of BTD;1_1> and find a strong de-
pendence on the composition which is non-negligible for modern satel-
lite instruments.

To improve our method further laboratory measurements of bulk
volcanic ashes and volcanic glasses would be needed, preferably to-
gether with measurements of mineral compositions, glass fractions
and porosities. The latter would enable us to further validate our calcu-
lations. But already now our work shows that the composition of volca-
nic ash and, therefore, a proper assumption of the refractive index is
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necessary for trustworthy satellite retrievals in the infrared. The results
can be used for the development of new retrieval algorithms or to quan-
tify the uncertainties in radiative transfer calculation-based retrievals
due to the usage of a single refractive index for the volcanic ash. Also
noteworthy is the fact that a dependence on the silica content (and to
a much smaller extent on the glass fraction) is observable in the refrac-
tive index, the mass extinction coefficient and BTD1_ 15, indicating that
composition might be retrievable to some degree by remote sensing
methods.

Data availability

The created complex refractive indices of volcanic ash as well as the
optical properties are available as supplementary data (Piontek et al.,
2021).
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