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Very fine silicate-rich volcanic ash, generated by explosive volcanic eruptions, can efficiently be traced downwind
with infrared satellite sounders. Their measurements can also be used to derive physical parameters, such as optical
depths and effective radii. However, one of the key requirements for accurate retrievals is a good knowledge of the
complex refractive index (CRI) of the ash under investigation. In the past, the vast majority of the studies used
the CRIs from Pollack ez al. [Icarus 19, 372 (1973)], which are based on measurements of thin slices of volcanic
rock, and therefore are not representative for airborne volcanic ash particles. Here, we report measurements of the
CRI of volcanic ash in suspension, generated from samples collected from recent high-impact eruptions in Chile
(Puyehue-Cordén Caulle, Calbuco, and Chaitén), Iceland (Eyjafjallajokull and Grimsvétn), and Italy (Etna). The
samples cover a wide range of SiO, content (46% to 76%) as confirmed by an X-ray fluorescence analysis. In the
experimental setup, volcanic ash was suspended in nitrogen through mechanical agitation. Extinction spectra were
recorded in the infrared, visible, and ultraviolet spectral regions. The particle size distribution within the airflow
was also recorded. An iterative algorithm allowed us to obtain fully consistent CRIs for the six samples, compat-
ible with the observed extinction spectra and the Kramers—Kronig relations. While a good agreement is found
with other recently reported CRlIs in the UV/Vis, larger differences are found in the longwave infrared spectral

region. © 2019 Optical Society of America
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1. INTRODUCTION

Huge quantities of silicate-rich aerosols are generated and

Satellite observations are the only practical way that volcanic
ash clouds can be tracked over long distances. On the one hand,
there are instruments that measure in the ultraviolet/visible
(UV/Vis) spectral range. While they are relatively sensitive
to volcanic aerosol [14], they are less sensitive to the size and
chemical composition of particles. In addition, they only oper-
ate in the presence of sunlight, and are therefore not suitable
for continuous near-real time monitoring. Thermal infrared
(TIR) sounders, on the other hand, do not have this limitation.
Thanks to a characteristic absorption band around 10 pm, they

ejected into the atmosphere during an explosive volcanic erup-
tion. In the proximity of the volcano, ash can have a dramatic
effect on infrastructure, human health and agriculture [1,2].
Very fine (< 32 pm) ash, which can be transported in the atmos-
phere over long distances, poses a significant risk to aviation,
as ash can damage cockpit windows and clog aircraft engines
[3-6]. The potential impact of volcanic particles on aviation

was highlighted in April and May 2010 when a large part of
the European airspace was closed for several days following the
eruption of the Eyjafjallajskull volcano in Iceland [7-10]. The
total financial impact of the event was estimated at 5 billion
euros [11]. This event underlined the need to improve near-real
time observations and forecasts of volcanic eruptions and ash
clouds [12,13].
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are very sensitive to fine volcanic ash, and can differentiate vol-
canic ash from clouds and other aerosol [15—17]. Fortunately,
there are currently a myriad of polar and geostationary infrared
sounders in orbit, which together allow efficient detection and
tracking of volcanic clouds [18,19]. Exploiting the variations
in absorption and scattering coefficients in the 7.5-12.5 um
spectral range, infrared sounders can also quantify a series of
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physical properties of the observed ash, such as effective radii,
optical depths, mass, altitude, and even composition, all with
varying degrees of confidence [17,20-24]. Knowledge of these
properties can not only help forecast the movement and fate of a
volcanic plume in real time, but can also improve our capability
to model volcanic plumes in the future [25]. However, the key
parameter on which all satellite retrievals depend is the CRI,
which links together the microphysical and optical properties.
With the help of the CRI of ash, synthetic satellite spectra can be
simulated (with a so-called forward model), and actual observed
spectra can be analyzed to retrieve physical parameters (with an
inverse model).

The majority of satellite studies that report measurements
of volcanic ash currently rely on CRI measurements made
in the 1970s on bulk material [26,27,28]. It is well-known,
however, that such measurements underestimate the contri-
bution of scattering in aerosol [29-31]. In addition, it has
been shown that the spectra observed by satellites cannot be
reproduced by forward models relying on these indices, espe-
cially when the optical depth is large [32]. This issue casts
further doubt on the reliability of retrievals using these same
indices. Measurements of CRIs of aerosol in suspension (not
necessarily on volcanic ash) are becoming more commonplace
[33]. Previously published refractive indices of volcanic ash
in the infrared are listed in Table 1. Here, we build upon the
work of Refs. [30,36] and present the CRIs of volcanic ash in
suspension, generated from samples collected from recent high-
impact eruptions in Chile (Puyehue-Cordén Caulle, Calbuco,
and Chaitén), Iceland (Eyjafjallajokull and Grimsvétn) and
Italy (Etna).

The six different volcanic ash samples are presented in the
next section, together with the results of an X-ray fluores-
cence (XRF) analysis of their chemical composition. Section 3
describes the experimental setup employed and optimized in
this study, consisting of a closed air circuit including a mechani-
cal suspension device, two separate spectrometers (in the IR
and UV/Vis range), and an aerodynamic particle sizer (APS).
The setup has been detailed and validated in a previous study
[36], so here we give a summary of its main features, and present
the measured extinction spectra of the six samples. The newly
retrieved refractive indices are presented in Section 4, after a
summary has been given of the iterative retrieval procedure,
which converts the measured extinction spectra into CRIs.
Until now, only Reed ez a/. (2018) [34] has provided CRIs of
volcanic ash in suspension. We compare our results with those
results, and the historically important 1973 measurements of
Pollack ez al. [26]. We conclude this paper with a summary and
directions for future work.

2. ASH SAMPLES

Because the primary interest in the optical properties of vol-
canic ash is for remote sensing applications, the samples were
selected from recent eruptions for which large (long-lived)
ash plumes were observed from space [17]. The selection was
made to encompass a large range of ash types, as shown in
Fig. 1. This figure gives an overview of the samples in the Total
Alkali Silica diagram (TAS) [37]; samples from other studies

for which refractive indices are available in the infrared are
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Table 1. Overview of Complex Refractive Indices of
Volcanic Ash and Igneous Volcanic Rocks Retrieved in
the Infrared Spectral Regiona

Refractive  Spectral ~ Sampling
Sample Index Range(um) Analysis Reference
Askja n, k 0.33-19  Suspension [34]
Calbuco n, k 00.31-1,  Suspension Thisstudy
3.33-14.49
Chaitén n,k 0.31-1, Suspension  This study
3.33-14.49
Etna nk 0.31-1, Suspension  This study
3.33-14.49
Eyjafjallajskull n, k 0.33-19  Suspension [34]
nk 0.34-1.04, Suspension Thisstudy
3.33-14.49
Grimsvotn n, k 0.33-19  Suspension [34]
nk 0.31-1, Suspension  This study
3.33-14.49
Mayon k 1-20 Pellet [35]
Mt. Aso n, k 0.33-19  Suspension [34]
Mt. Spurr n, k 0.33-19  Suspension [34]
Nisyros n,k 0.33-19  Suspension [34]
Puyehue-Cordén n, k 0.31-1,  Suspension Thisstudy
Caulle 3.33-14.49
Tongariro n, k 0.33-19  Suspension [34]
Andesite n, k 0.4-50 Bulk [26]
Basalt n, k 0.4-50 Bulk [26]
Obsidian n,k 0.21-40 Bulk [26]
Pumice n, k 0.2-40 Pellet [27]

“For an overview of measurements in the UV/Vis range only, refer to [74].
Most of these are publicly available in the Aerosol Refractive Index Archive
(ARIA) at http://eodg.atm.ox.ac.uk/ARIA/.

also included in Table 1. Two samples of rhyolitic ash were
selected, as the widely used refractive indices of obsidian [20]
are known to be largely inadequate [32]. These samples are
from the 2011 Puyehue-Cordén Caulle eruption [16,38—40]
and the 2008 Chaitén eruption [41-43]. Samples were also
taken from the 2010 Eyjafjallajokull [44,45] and 2015 Calbuco
eruptions [46,47]; both had a significant (societal) impact and
produced ash with intermediate SiO, concentrations. The 2011
Grimsvotn and 2017 Etna samples were selected because of their
basaltic composition; the former is also very well documented
[48-51].

Information of the volcanic ash samples (sample date, date of
eruption, sampling details, references), as well as their elemental
composition is provided in Table 2. The major elements were
determined by a semiquantitative X-ray fluorescence (XRF)
analysis using a S4 Pioneer Bruker with an uncertainty of 3%.
For the analysis, samples were deposited on a boric acid pellet
and compressed at 8 tons. All ashes were very fine except those
from Etna, which had to be crushed using a mortar before
being deposited on the boric acid pellet. The composition of
the different samples reported in Table 2 is in generally good
agreement (typically within 2-3%) with those reported in the
references. The only exception is Grimsvétn, for which reported
SiO; contents vary from 46 to 54%.
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Fig.1. TAS diagram with the ash samples measured in this study, and those of others for which refractive indices in the thermal infrared are avail-

able. The values for Spurr comes from Ref. [31].

Table 2. Volcanic Ash Samples and Their Major Elemental Composition Determined by an XRF Analysis (in Oxide

Weight %)

Volcano Eruption Date  Type Sampling Date Complementary Info  SiO, AL O3 Na,O K,0 Fe,O; CaO MgO TiO, Ref.

Chaitén Rhyolite Direct fall, fresh ash, 741 141 44 34 16 16 03 0.2 [41-43]
May 3,2008 May 5,2008 no rain, white, and fine

Puyehue-Cordén Caulle  Rhyolite Ash deposit, no rain, 69.7 14.1 55 32 41 20 04 006 [16,38-40]
June4,2011 June 8,2011 white, and fine

Eyjafjallajokull Trachy-andesite Very fine, grey 586 154 61 24 88 48 17 14 [44,45]
May4, 2010 June 13,2012

Calbuco Basaltic-andesite Fresh ash, direct fall, 563 19.1 46 08 73 86 19 0.8 [46,47]
April 22,2015 April 23,2015 fine, and brown

Grimsvotn Basalt Fine and dark 475 129 3.0 0.5 165 109 47 3.1 [48,49]
May 21,2011 May 22,2011

Etna Trachy-basalt Very coarse and 465 17.8 38 20 114 11.7 4.1 1.8 [50,51]
March 16,2017 Sept. 19,2017 dark grey

3. EXPERIMENTAL SETUP AND MEASURED
EXTINCTION SPECTRA

The experimental setup closely follows the one described in
Ref. [36], where it was validated with calibrated amorphous
silicon dioxide spherical particles (0.5 and 1 pm diameter, with a
purity of 99.9% and a density of 1800 kg - m—3). A photo of the
experimental setup is shown in Fig. 2.

The first component of the setup is where aerosol is gen-
erated by mechanical agitation. It consists of a nitrogen inlet
arriving into a glass tube, with the ash and a magnetic stirrer
in the bottom. The nitrogen flow not only affects the particle
concentration but also the deposition of particles on mirrors.

For this reason, the low was limited to 2 L - min™". The aerosol
flux continues into a buffer volume, which helps produce an
even and homogeneous cloud of aerosol from there into the
spectrometers that record total extinction as a function of
wavenumber. First in line is the Fourier transform infrared
spectrometer, an Antaris IGS (Thermo Scientific) that measures
the extinction from 690 to 3000 cm™'. This spectrometer is
composed of a multipass cell (white cell) with an optical length
of 10 m; it is horizontally oriented to minimize the deposition of
particles on mirrors. To overcome absorption of water vapor and
carbon dioxide (CO,) in the spectral range of the IR, the system
is purged with nitrogen (N ) for several hours before the experi-
ment. This step is needed both for the Michelson interferometer
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Aerosol generation

Fig. 2.

Aerosol cell

Photo of the experimental setup. On the left, the ash is brought into suspension in a homogenous way. The flow then continues in the spec-

trometers, before reaching the APS that measures the size distribution of the particles in the flow.

and the multipass cell. For the UV/Vis part, an Ocean Optic
Maya 2000-Pro spectrometer records the extinction spectra
from 10000 to 32500 cm ™. Compared to Ref. [36], a series
of improvements have been implemented. A new single pass
cell of 1 m optical path has been built, allowing the injection
of volcanic ash at an angle of 45°. This reduces the impact of
the flow and associated deposit of ash at the inlet and outlet
of aerosol cells. Additionally, the internal diameter of the cell
has been increased from 16 mm to 48 mm, increasing the cell
volume, which helps the collimated beam avoid crossing the
edges of the cell. To check the variability of the intensity of the
source lamps, a second detector (Ocean Optics 2000+) was set
up in parallel. This additional detector is directly connected to
an optical fiber and records at the beginning of each experiment,
the source intensity /o, which might vary slowly in the course of
several recordings.

The recorded extinction spectra £ = — log,,({/1y) of the
six volcanic ash samples are presented in Fig. 3 (gray lines).
Especially in the UV/Vis spectral region, the signal measured by
the spectrometer can exhibit significant levels of noise, due to
small fluctuations of the source intensity. The spectra in the IR
exhibit a dominant extinction feature in the region between 8
and 12 pm for the six different samples. These absorption bands
are related to the vibration of T — O~ bonds (where T refers to
fourfold coordinated cations (Si**, Al*", Fe’™) and O~ non-
bridging oxygens (NBO)) [52]. Because the major component
of volcanic ash is amorphous silicate, the main absorption band
centered around 10 pm is due to the asymmetric stretching
vibrations of Si-O-Si bridges. With increasing SiO; content,
one can observe that (i) the absorption feature becomes nar-
rower, (ii) a shoulder starts to appear around 9 pm (especially
noticeable for Chaitén and Puychue-Cordén Caulle), and
(iii) the maximum is shifted toward higher wavenumbers. In
this context also see [52-54]. A secondary maximum can be
observed around 12.5 pum and is associated with symmetric

vibrations of Si-O [53,55]. As noted by [52], the strength
of this feature is closely related to the SiO; content, which
is consistent with the fact that the feature is almost unnotice-
able for the samples with the lowest SiO; content (Etna and
Grimsvétn).

The slowly varying extinction in the UV/Vis spectral region
is caused primarily by scattering. (As we will confirm further,
the imaginary part of the CRI is close to zero in this region.) The
most important information in the UV-Vis spectral region is
contained between 10000 and 20000 cm™', where the maxi-
mum is observed. This maximum corresponds to the first
maximum of the “interference structure,” as also predicted by
Mie theory [56,57]. Note that in this spectral region, source
instability is a source of additional noise. Slight differences in the
shape of the extinction spectra can be observed, such as a smaller
dynamic range in the extinction for Eyjafjallajokull and a small
feature around 0.55 pm in the spectrum of Puyehue-Cordén

Caulle.

4. COMPLEX REFRACTIVE INDICES
A. Methodology

Complex refractive indices were retrieved from the mea-
sured extinction spectra using the optimal estimation method
(OEM). The OEM is widely used in the remote sensing com-
munity to retrieve physical parameters from experimental
measured spectra. We refer to Ref. [58] for detailed descrip-
tion of OEM and to Refs. [34,30,59] for applications of OEM
in the context of the retrieval of refractive indices. In short,
OEM s an iterative retrieval method, which in each loop
improves the values of the physical parameters of interest (the
so-called state vector) until convergence. In each iteration, a
forward model is run with the current values to simulate the
observations. Updated values are then obtained to improve the
similarity between the measured and simulated observations,
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Fig.3. Extinction spectra of the six volcanic ash samples: (in gray) the original extinction spectra recorded by spectrometers and (in blue) the spec-
tra simulated at the end of the retrieval routine (from the Mie theory using the retrieved CRI).

while taking into account the a priori information. In our case, model consists of a standard Mie code [20]. In the next para-
the state vector consists of the refractive indices and a set of graphs we detail the state vector further, and then explain how
parameters specifying the particle size distribution. The forward the a priori data was gathered.



6 Vol. 59, No. 1/ 1 January 2020 / Applied Optics

The real and imaginary parts of the CRI of a medium
are related to each other via the Kramers—Kronig relations

[60,61] as

00 e (lj/)

2
n(f))—ﬂoo=—1’./ ———di, (1)
T 0 v —1)2

with « ('), the imaginary part of the CRI at the specific
wavenumber 7', and P the Cauchy principal value. Relying
on this equation, it thus suffices to retrieve the imaginary part
« of the CRI and an anchor point 7. The resulting CRI are
immediately self-consistent, which cannot be guaranteed if both
components are retrieved independently. The only caveat is
that the numerical evaluation of the integral requires inter-and
extrapolation of the refractive index outside the measurement
intervals. Here we used a piecewise cubic Hermite interpolating
polynomial and fixed values for the end points ko = ko = 0.
The choice was also made to retrieve the refractive indices at a
coarser resolution than the measured extinction to avoid overfit-
ting on the (noisy) data. In particular, in the LWIR the CRI was
retrieved at a sampling of 5 cm™ !, increasing to 15 — 40 cm™!
in the MWIR. In the UV/Vis spectral region, the resolution was
set to 500 cm ™!, since the CRI only varies very slowly in this
range. For the size distribution, a lognormal parameterization
was chosen, with three parameters specifying the distribution:
the total particle count N (particle - cm=2), the geometric radius
Fes and the geometric standard deviation o. Figure 4 shows the
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size distribution of the six samples fitted with lognormal func-
tions thatare frequently used to characterize the size distribution
of volcanic ash [62]. It has also been the distribution of choice
for in situ measurements [63—65]. Finally, the complete state
vector consists of 228 variables on the CRI and three on the size
distribution.

The a priori in the optimal estimation framework includes
an a priori state vector (x,) and an associated covariance matrix
S.. Together, these characterize the normal joint probability
distribution of the parameters. For our retrieval, the covari-
ance matrix was chosen to be entirely diagonal, as the retrieved
parameters were chosen to be independent. We relied on the
existing measurements of the CRI of igneous volcanic rocks
and suspended ash to build an a priori of the imaginary part
k of the CRI. The a priori is shown in Fig. 5 and was obtained
as the average of six CRlIs: basalt, andesite, and obsidian from
Ref. [26], and Grimsvétn, Eyjafjallajokull, and Nisyros from
Ref. [34]. The same a priori was used for all the samples.

The UV/Vis part of the spectrum contains information on
the anchor point 7. It is known [30] that the wavelength at
which the maximum extinction occurs (see also what was said in
Section 3 on the interference structure) is sensitive to the value of
the real part of the CRI. For each measured extinction spectrum,
an a priori value of the anchor point was obtained by manually
adjusting its value to match the position of this maximum. For
the ash from Eyjafjallajokull, the measured spectrum in the
UV/Vis domain was, however, too noisy. For this sample, we
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Fig.4. Sizedistribution of the six volcanic ash samples fitted with lognormal function. Histograms represent the measured size distribution and red

lines show the fit with lognormal function.
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used the empirical relation obtained in Ref. [31] between the
real part of the CRI and the weight percent of SiO; to obtain the
a priori value of the anchor point. In the next section we come
back to this relation.

To estimate the impact of the a priori data on the retrieved
CRlIs, a series of tests were run with different choices for the
a priori state vector. The results showed that the retrieved
refractive indices were very similar to each other, as long as
the variability in the covariance matrices was large enough.
Typically, the extrema were almost at the same location, and
the relative differences were maximally of the order of 0.1-0.2,
which corresponds to around 10% at 1000 cm ™.

The experimentally measured size distribution cannot be
assumed to perfectly represent reality, as large uncertainties are
associated with the APS measurements [66,67]. Nevertheless,
a series of manipulations allowed us to use the size distribution
recorded by the APS as an a priori. First, as the optical counters
are less efficient at measuring small particles [66,68], we applied
a correction using the empirical law derived in Ref. [69]. In
addition, the size distribution measured by the APS is a function
of the aerodynamic parameter (D,) and not the geometrical
diameter (D,). To convert one into the other, we relied on

Dg =Dy w, (2
V p

which is the formula given in Ref. [70], with py the standard
density (1 g-cm™) and p the particle density in g - cm ™. The
particle densities were determined from the density of oxides
[71], weighted with their fractional abundance, as measured

Vol. 59, No. 1/ 1 January 2020 / Applied Optics 7

by the XRF analysis. The dynamic shape factors x were man-
ually adjusted to yield a satisfactory fit in the UV/Vis part of
the spectrum (tested values ranged from 1.1 to 1.82 [72,73]).
The dynamic shape factor was set to a constant value of 1.82
for Chaitén, Puyehue-Cordén Caulle, and Eyjafjallajskull, and
1.64 for Etna, Calbuco, and Grimsvotn. After these corrections,
the resulting size distribution was fitted to a lognormal function
to obtain thea priorivalues foro', N,and ,.

In addition to a priori values, the optimal estimation retrieval
also depends on constraints specified with covariance matri-
ces. The a priori covariance matrix for K was set to a constant
diagonal value of 50% of the value of the a priori (see Fig. 5).
As the anchor point is already estimated quite accurately prior
to the OEM retrieval, its variance was set to 0.1%. For the size
distribution we used variances of 10% for 7¢» 20% for N, and
2% for 0. All the a priori information is summarized in Table 3
for each of the different samples.

A final parameter that must be specified for the OEM is the
error covariance matrix. It defines to what extent we hope to
approach the measured extinction spectra by the forward model.
Again, this matrix was chosen diagonally and set to a value of
0.00005 in the infrared and 0.0002 in the UV/Vis spectral
region. These values were chosen to be very small on purpose, to
force the retrieval to find the best possible fit with the measured
spectra. Alternatively, the variances of the a priori covariance
matrices could have been increased, which would have achieved
the same goal. The specific choices of the error and noise covari-
ance matrices was obtained through experimentation. The
values reported here allowed for adequate fits and, at the same
time, yielded physically admissible retrieval parameters. To
avoid nonphysical behavior of physical parameters fitted, a min-
imum value was set to 0 for all parameters. After each iteration
the retrieved values were rounded to four digits.

The simulated extinction spectrum, obtained at the end
of fit is shown in Fig. 3 (blue curve). In all cases it shows a very
good agreement with the measured spectrum. Differences
in the UV/Vis region are larger, but mostly within the
instrumental noise.

B. Retrieved CRIs

The CRIs obtained using this retrieval procedure are shown
in Fig. 6. In the thermal infrared, the real parts all have a large
oscillation around 10 pm, and a corresponding local increase in
the imaginary part, linked to vibrations of T — O~! bonds. The
CRIs of the different samples are very variable, with the excep-
tion of samples that are closely located in the TAS diagram. The
CRI of Etna and Grimsvétn, the samples with the lowest SiO,
content (45-50%), exhibit the broadest, but flattest features,
both in the real and the imaginary components. In addition,

Table 3. Parameters Composing the A Priori State Vector Associated with Their Variabilities

x, Chaitén Puyehue-Cordén Caulle Calbuco Grimsvotn Eyjafjallajokull Etna S. (%)
K - - - - - - 50
Moo 1.51 1.51 1.61 1.61 1.58 1.63 0.1
N (particle - cm™ x 10°) 0.30 1.51 0.34 0.89 0.34 1.32 20
Ty (um) 0.24 0.31 0.22 0.29 0.22 0.29 10
o 1.80 1.62 1.75 1.66 1.74 1.58 2
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Fig.6. Real and imaginary parts of the CRIs of the six volcanic ash samples. See supplementary material for underlying values.

the position at which 7 reaches its maxima is shifted toward
longer wavelengths (around 11.5 pm), compared to the other
samples. The CRI of the Chaitén and Puyehue-Cordén Caulle
samples, had the highest SiO; content (67-75%), and represent
the other extreme, with sharp and narrow features, and » and
« maxima shifted toward the lower wavelengths. The andesitic
samples, Eyjafjallajokull and Calbuco, had an intermediary
SiO; content, and corresponding CRI values in between the two
extremes. Consistent with what we said before in the discussion
of the extinction spectra, it is clear that the chemical composi-
tion of ash is strongly linked to these variations in the real and
imaginary parts.

For the UV/Vis spectral region, the real and imaginary parts
of the retrieved CRI do not present significant variations, with a
value close to zero for the imaginary part and an almost constant
value for the real part. A recent study [31] noted strong corre-
lations between the SiO, content and the real and imaginary
parts of the CRI from Ref. [34] at several wavelengths in the
visible spectral region, with higher SiO, content associated
with lower values of the real part of the CRI. Here, we were able
to reproduce this result, as shown in Fig. 7, for the refractive
index at 550 nm. The correlation coefficient of 0.94 is also in
line with those found in that study. Note that we added a data
point corresponding to the amorphous silica sample measured

inRef. [36].

1,72
1.70 4 ® Puyehue-Cordén Caulle
! Calbuco
1,68 ® Chaitén
1,664 Etna Eyjafjallajokull
1 ® Grimsvétn
1,64 1 i R ® Etna
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’ o Calbuco
1,60 - Re=0.94
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c
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< 152
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144 Amorphous silic:
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SiO, weight %
Fig.7. Correlation between the real part of the CRI at 550 nm and

the SiO, content.

C. Comparisons

In Fig. 8, the CRIs derived in this study are compared to those of
the two other sets available: the historically important measure-
ments from rock samples [26] and the more recent [34] from
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Fig.8. Comparison of real and imaginary parts of CRIs from bulk material (blue, [26]), resuspended particles (green, [34]), and this study (red).

resuspended ash. To ease comparison, Fig. 8 shows just one rep-
resentative for basaltic, andesitic, and rhyolitic ash (top, middle,
and bottom panel) across the three datasets. A comparison of
the CRIs of ash from the same eruption was only possible for
Eyjafjallajokull and Grimsvétn ash, both reported here and in
Ref. [34].

What was said before on the position of the 7 and k maxima
and the width of the features in the infrared is consistent with
what is observed across the other two sets of measurement data.
However, compared to the other two datasets, the maxima
in the real parts (around 11 um) are significantly larger and
shifted toward the longer wavelengths for our indices. This shift
is also seen in the imaginary part. This is particularly the case
in comparison to Ref. [34], which reports significantly lower
values in both the real and imaginary parts. For the rhyolitic
ash samples, the maxima of the imaginary parts are different
by almost a factor two. In this study, we used the Mie theory
for the retrieval of the CRI, which is a theoretical model that is
valid for a very wide range of particle sizes and wavenumbers,
but which assumes spherical particles. In Ref. [34], the Rayleigh
continuous distribution of ellipsoids (CDE) model was used.
The CDE scattering model uses an assumed shape probability
function corresponding to randomly oriented ellipsoids with
the same volume. That model, however, is only valid when
the size parameter x is smaller than one. (Refer to Ref. [56] for
more details on CDE model.) In their setup, it was found to be

able to better reproduce the CRI of silica. Figure 3 of Ref. [34]
demonstrates that the use of this CDE model tends to produce
CRIs with peak values shifted toward shorter wavelengths than
when the Mie model is used. In addition, however, it appears
that the CDE model leads to underestimated maximum val-
ues of 7 and k [34]. Therefore, the differences with Ref. [34]
that are observed in Fig. 8 seem to be largely due to the applied
theoretical model.

For the UV/Vis part, the values found here are in excellent
agreement with those reported in Ref. [34], and also with the
dedicated UV/Vis measurements from Ref. [74]. The real
parts of the indices in the UV/Vis part reported in Ref. [20]
are, however, likely related to the fact that bulk measurements
underestimate the contribution of scattering in aerosol.

5. CONCLUSION

Complex refractive indices have been retrieved in the ther-
mal infrared (690 — 3000 cm™") and the visible-ultraviolet
(10000 — 32500 cm™!) spectral ranges for six volcanic ash
samples. The samples were chosen from recent high-impact
eruptions, and cover almost the entire range of SiO; fractions
commonly found in volcanic ash. In the experimental setup,
volcanic ash was mechanically made airborne, and extinction
spectra and their particle size distributions were recorded in the
two spectral ranges. The CRI were retrieved from extinction
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spectra measured in the laboratory using an iterative procedure.
In the UV/Vis, excellent agreement was found with previously
reported measurements. However, differences with previously
published indices are large in the infrared, with larger peak
values in the real and imaginary components, and shifts toward
longer wavelengths. In future studies, the research should
assess whether remotely sensed spectra can be accurately simu-
lated with the presented refractive indices, and to what extent
retrieved remotely sensed quantities, such as particle radii and
ash mass, are affected by the choice of the refractive index. The
reported indices are available in the supplementary material
(see Data File 1, Data File 2, Data File 3, Data File 4, Data File
5, Data File 6) and will be made available through the ARIA
database.
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