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Abstract

Microphysical, optical, and compositional properties of the volcanic ash from the April—
May (2010) Eyjafjallajokull volcanic eruption are presented. Samples of the volcanic
ash were taken on the ground in the vicinity of the volcano. The material was sieved,
re-suspended, and collected on filters, separating particle sizes into coarse and fine
modes. The spectral mass absorption efficiency @, [m? g'1] was determined for
coarse and fine particles in the wavelength range from 300 to 2500 nm. Size distri-
bution of particles on filters was obtained using a semi-automatic software to analyze
images obtained by Scanning Electron Microscopy (SEM). The grain density of the
volcanic ash was determined as 2.16(13) g cm™3 by measuring the variation of air vol-
ume in a system with volcanic ash and air under compression. Using Mie—Lorenz and
T-matrix theories, the imaginary part of the refractive index was derived. Results show
the spectral imaginary refractive index ranging from 0.001 to 0.005. Fine and coarse
particles were analyzed by X-Ray fluorescence for elemental composition. Fine and
coarse mode particles exhibit distinct compositional and optical differences.

1 Introduction

After almost 200 years from its last eruption, the Eyjafjallajokull volcano on the southern
edge of Iceland initiated seismic activity in April 2010. Although the eruption is consid-
ered to be of small to moderate size, the volcanic ash injected into the atmosphere
spread over much of Europe due to fine particle fragmentation during magma-ice in-
teraction and weather conditions that facilitated the rapid transport of the plume toward
European airspace. The spread caused an unprecedented interruption of the aircraft
traffic in Europe with important economic and social impacts (Gudmundsson et al.,
2010; Langmann et al., 2012).

Volcanic eruptions are an important source of aerosols to the atmosphere. While
volcano eruptions can directly affect the weather in the near regions, large volcanic
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eruptions can also produce global effects (Robock, 2000). During an eruption, volca-
noes can inject gases and solid particles directly into the upper troposphere and lower
stratosphere. Gases, mainly in the form of water vapor, sulfur, and carbon dioxide, can
have a short and long term effect on climate respectively (Morse and Mackenzie, 1990).
Some of the sulfur gas emitted by the volcano oxidizes downstream to become sulfate
particles. These sulfate particles should not be confused with the actual solid material
(volcanic ash) injected directly by the eruption.

In addition to the environment effects, previous volcanic eruptions have shown to be
hazardous for aviation (Pieri et al., 2002; Casadevall, 1994). Volcanic ash can melt and
coat engine components, reducing efficiency and restricting ventilation of the engine.
Hard and sharp fragments of the volcanic ash are highly abrasive and can scratch
airplane components (Neal et al., 2004).

During the last Eyjafjallajokull volcanic eruption, the scientific community combined
information from ground, aircraft (Schumann et al., 2011; Newman et al., 2012; Rauthe-
Schdch et al., 2012) and remote sensing (Ansmann et al., 2010; Gasteiger et al., 2011)
to evaluate the actual conditions and to recommend air traffic restrictions.

Mass concentration is the usual quantity required to judge safety limits of the
airspace.The retrieval of the mass concentration by optical techniques including in situ
and remote sensing requires some assumptions about the microphysical properties of
the volcanic ash (Newman et al., 2012). The mass absorption, scattering and extinction
efficiencies [m2 g‘1] are the main quantities connecting the optical properties and the
bulk mass of the aerosol particles. In general, size distribution, shape, and refractive
index are assumed known in order to derive the ash mass concentration in the atmo-
sphere. In addition, the spectral dependence of the refractive index, particularly the
imaginary part, is usually unknown for most aerosol particles including volcanic ash.
The uncertainty in the refractive index and the assumptions of spherical shape and
internal mixtures are the main sources of error in the retrieval of optical depths (llyin-
skaya et al., 2011). It is also important to evaluate how particle shape should be taken
into account when retrieving the refractive index (Krotkov et al., 1998; Yi et al., 2011).
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The knowledge of microphysical and optical properties of volcanic ash aerosols are
essential for the remote sensing of aerosols and for atmospheric correction models that
are needed for many types of retrievals and analyses. In this study, the spectral optical
properties of the Eyjafjallajokull volcanic ash sample were derived over a broad spec-
tral range, from ultra-violet (UV) to near infrared (NIR) wavelengths. The sample of the
Eyjafjallajokull volcanic ash collected on the ground was initially sieved, resuspended
and re-collected on filters. Several analytical techniques were used to characterize the
ash samples. Scanning electron microscopy (SEM) data were used to get the shape
and size distribution. X-Ray Fluorescence (XRF) was used to obtain the chemical com-
position of the volcanic ash. The density of the grain was measured independently
using a Densimetry method, and Reflectance analyses were used to derive the mass
absorption efficiency.

The imaginary part of the refractive index was calculated through an iterative in-
version process. This calculation was obtained by combining the Empirical power law
method and the Size distribution method, as will be described in the following sections.

Both Mie—Lorenz theory and the T-Matrix code (Mishchenko et al., 1996) were ap-
plied for the determination of the refractive index with the assumption of spherical and
spheroid particle shape respectively.

2 Experimental methods and analyses
2.1 \Volcanic ash resuspension and filter collection

The volcanic ash sample studied in this research was collected on the ground about
35 km from the volcano Eyjafjallajokull at the village of Vik (63.42° N 10.01° W) on 8 May
2010, 4 weeks after the first volcanic eruption. The sample was shoveled into a small
bag from the ground.

At the Laboratory of Aerosols, Clouds, and Optics (LACO) at the University of Mary-
land, Baltimore County (UMBC), the material was initially sieved to retain particles
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smaller than 45 um. Particles larger than 45 um were discarded and not analyzed due
to their short residence time in the atmosphere. Figure 1 shows, respectively, (A) the
original sample, as it was collected on the ground, (B) discarded fraction with particles
larger than 45 pm and (C) the fraction below 45 um retained to be re-suspended.

We found that approximately 1/3 of the mass of the original material collected on
the ground was formed by particles smaller than 45 um.

Sieved particles (C) smaller than 45 um were submitted to a re-suspension proce-
dure in a Fluidized Bed Aerosol Generator (FBAG) — TSI Model 3400A where they were
disaggregated down to submicron sizes and carried out by a flow of dry air (Fig. 2).
A cyclone and an impactor, at the exit nozzle of the FBAG were used to remove parti-
cles larger than 10 um. Nuclepore® filters with pores of 5 um (coarse filter) and 0.4 um
(fine filter) in diameter were used to collect the coarse and fine modes respectively.
The Nuclepore filters work like an impactor, and therefore pores with 0.4 um diameter
have collection efficiency close to 100 % for all particle sizes. Filters with 5pum pores
have cutoff sizes around 1.5 um (Buzzard et al., 1981).

A high precision analytical microbalance was used to determine the particle mass
collected on the filters. The filters were weighed before and after the deposition of the
resuspended particles for the determination of the concentration o in [g m'2], of the
mass deposited per unit of area on the surface of each filter.

2.2 SEM analysis and size distribution

Scanning Electron Microscopy (SEM) analysis provided information of shape and size
distribution of the particles. A semi-automatic procedure using ImagedJ software (Abra-
moff et al., 2004), was used to determine the top view cross section area of each
particle. From this area, the diameter of an equivalent circular area was derived.

The ImagedJ software is not able to distinguish particles that are too close to each
other or overlapped, particles partially on the border of the figure, and particles that
don’t contrast well with the background of the image. In these cases a second evalua-
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tion was performed manually using the software Photolmpact X3 to take into account
these particles separately.

Figure 3 shows SEM images of a fine filter. Black circles on the images are the filter
pores while the particles are shown in white. The second image shows an example of
analyzed particles by the ImageJ software.

Figure 4 shows the particle’s number, surface area, and volume distribution for the
fine (red) and coarse (blue) fraction based on an analysis of about 3000 particles. Most
of the particles collected on the fine filter have diameter below 2 um while coarse filter
contains particles that overlap the fine filter but also extend to 11 um of diameter.

2.3 Grain density of the volcanic ash

The density p of the volcanic ash was measured using an instrument similar to the gas
pycnometer (Chang, 1988). The volume Vg, of a sample was obtained by measuring
the variation of the volume (AV) required to double the pressure of the vessel, as
illustrated in Fig. 5. We repeat this procedure with and without the volcanic ash particle
inside the vessel. The equations in the drawing were solved to produce the volume Vg4,
and to determine the density as p = M,g,/Visn, Where M, is the mass of the analyzed
sample.

The measured volcanic ash density was 2.16(13) g cm™3. This value is smaller than
what is usually used in the literature for ash samples from the Eyjafjallajékull volcano,
whichis2.6g cm™ (Gasteiger et al., 2011; Bukowiecki et al., 2011) or2.4 g cm™ (Gud-
mundsson et al., 2010).

2.4 Spectral light absorption via reflectance measurements

The spectral light absorption of the volcanic ash particles was investigated by measur-
ing the reflectance of the Nuclepore® filters as a function of the volcanic ash collected
mass. A broad band light source was used to shine light on these filters. The reflected
light from the loaded filters was analyzed comparatively to blank filters reflectivity. Two
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spectrometers with different broad band illuminators were used: Avantes — AvaSpec
2048 — from ultra-violet (UV) starting from 300 nm to near infrared wavelenths (NIR) up
to 1100 nm and FieldSpec Pro — Analytical Spectral Devices from 350 to 2500 nm.

Figure 6 shows the spectral reflectance for the Eyjafjallajokull volcanic ash collected
on several filters with different mass loadings. We can see from these results that most
of the attenuation occurs for short wavelengths and we will assume that the total at-
tenuation is due mainly to absorption. The reasoning behind this assumption is based
on two properties of our experimental setup: (1) Light scattered forward by the parti-
cles will most likely hit the white surface of the filter underneath and scatter backward
on its path back to the spectrometer; (2) Reflectance of aerosol particles on filters
was measured at different viewing angles (from 10 to 45° from nadir) and found to
be constant within 5 %. These measurements demonstrated that the angular effects of
phase function and/or filter BRDF (Bidirectional Reflectance Distribution Function) are
not significant in this range.

According to Martins et al. (2009), when particles are attached to the filters, a cor-
rection of the Lambert—Beer law is needed to describe the absorption of light by these
particles. This correction was derived using an empirical power coefficient b = 1.218
and it is described in this paper as the Empirical Power Law Method where the rela-
tionship between o and the mass absorption efficiency a, is given by Eq. (1).

G

Aabs

o= [-In(//1p)1° + ¢ (1)

The mass absorption efficiency a,,s in [m?g~"] can be obtained by the relationship
between the collected aerosol mass per unit of area on the surface of the filter o[g m‘2]
and the logarithm of the reflectance fraction (///,) for each wavelength. Here ///, is
the ratio of the reflectance of a filter with ash deposited on it and one clean filter. The
geometrical factor G described in Martins et al. (2009) was determined to equal one
for a large range of geometries including the one used in this work. The parameter c is
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a constant to take into account a possible offset in the mass of the filters, for instance
due to an error in blank subtraction.

Figure 7 shows examples of power law fittings for 350 nm and 550 nm using the
Empirical Power Law Method for fine filters with different loaded masses. This fit was
performed for each wavelength every 1 nm from 300 nm to 2500 nm, allowing us to
obtain the spectral dependence of a,,s = G/(2a).

Figure 8 shows the resulting mass absorption efficiency obtained from the Empirical
Power Law Method applied for each measured wavelength, as exemplified in Fig. 7.
The results show enhanced UV absorption features for fine particles. This is in agree-
ment with the fact that large particles, in the range considered, lower the absorption
efficiency due to incomplete light penetration into the particle (Moosmuller et al., 2011).

Another independent method to obtain the mass absorption efficiency is based on
the particles’ size distribution, referred to as Size distribution method. The mass ab-
sorption (or scattering, or extinction) efficiency of the aerosols (a; in [m2 g‘1], where
the index / indicates either absorption, scattering or extinction) can be written in terms
of the particle number size distribution (n(r) in [particles m_2]), geometrical cross sec-
tion (A(r) [mz]), volume of each particle (v(r) [m3]) and grain density (o [g m'3]) of the
material by

B [5° n(r)Q;(x,m)A(r)dr
- [5" n(r)pv(r)dr

Q; is the efficiency coefficient representing the weighting factor for the probability of
interaction of light with particles. Q; depends on the particle size parameter x = 27r /A,
and on the complex refractive index of the particle material m=n - ik.

Volcanic ash particles have a diversity of shapes, as can be seen in Fig. 3. The
relation between shape of the particles and their absorption properties is not fully un-
derstood for complicated shape distributions. Here we used the comparison between
spherical particles and spheroids to assess the sensitivity of our retrieved imaginary
refractive index to particle shape. Q,,s was calculated using (1) Mie—Lorenz Theory,
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with the assumption of spherical particles, and (2) T-matrix, with the assumption of
spheroids.

2.5 Refractive Index derivation

The imaginary part of the refractive index Im(m) for coarse and fine particles of the
Eyijafjallajokull volcanic ash was obtained by an iterative process that minimizes the
difference between a,,¢ derived from Eq. (1) and a,,¢ obtained from Eq. (2) for each
wavelength.

We performed this minimization for different values of Re(m) within a trusted interval
to obtain Im(m). This way we could estimate the influence of Re(m) on the minimization
procedure. The mean value found for Re(m) equals 1.68. For this sample, we have
observed that a change in Re(m) from 1.58 to 1.78 produces a 0.0005 change in
Im(m).

Figure 9 shows the results obtained for Im(m) with Re(m) kept fixed at its mean value.
High imaginary indices are observed for wavelengths bellow 500 nm with a strong in-
crease in the UV region. A minimum of absorption is observed at A = 875nm for fine
particles, and at A = 700 nm for the coarse ones. For shorter wavelengths, Im(m) for the
fine particles is higher than the coarse ones with an inversion for longer wavelengths.
The crossover is at about 1 = 550 nm.

The uncertainties on the retrieval of Im(m) were estimated considering the main
sources of errors in our retrieval: the real part of the refractive index and the density
of the material. These uncertainties are shown as error bars in Fig. 9. Errors from the
size distribution, mainly due to the miscounting of particles and to statistical errors,
were found to be smaller (< 3%) compared to the error of the real part of the refractive
index and density measurements.

In the literature, the refractive index of the Eyjafjallajékull volcanic ash was reported
as Re(m) = 1.58(2) and Im(m) in the range 0.002 — 0.015/ (at 550 nm), derived using
the Particle Soot Absorption Photometer inversion method (Weinzierl et al., 2012; Pet-
zold et al., 2009, 2011). In Schumann et al. (2011) the Eyjafjallajékull volcanic ash
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plume was studied assuming absorbing particles with refractive index 1.59 + 0.004/
and non-absorbing particles with refractive index 1.59 + 0/ at 636 nm. Differences on
the refractive index between fine and coarse particles due to chemical composition vari-
ations were also discussed by Newman et al. (2012); this study adopted 1.52 +0.0015/
for coarse mode and 1.43 + 0.00/ for fine mode, specified across all UV-visible wave-
lengths. These results from literature are partially in agreement with those we found
in this work. Comparatively to other volcanic ashes, our imaginary refractive index in
UV has the same order of magnitude of previous laboratory measurements for Mount
Spurr volcano (Krotkov et al., 1999). However, our results have smaller imaginary re-
fractive index than Mount St. Helens and Fuego ashes measured in the 80’s (Patterson
et al.,, 1981, 1983).

The T-matrix method was also applied assuming randomly oriented nonspherical
particles using the extended-precision code. A modified gamma function was fitted
to the measured size distribution of the particles showed in Fig. 4. Using the SEM
images, the median of the aspect ratio distribution was obtained calculating the axial
ratio of each particle. The most probable value for the aspect ratio was found to be
f = 1.5 for both fine and coarse distributions and this value was used in the T-matrix
code. Implications of this assumption were evaluated in Sect. 3 where other values of
f = 1.8 and 3.0 were also used for T-matrix calculations.

Figure 10 overlaps the imaginary refractive indices derived using Mie Theory and
T-matrix methods for fine particles. The high agreement indicates, at least in the range
considered, that a change of aspect ratio from f =1 (spherical case) to 1.5 (oblate
spheroid) does not produce significant variation in the imaginary refractive index. The
agreement between Mie and T-Matrix for fine particles was also observed by Krotkov
et al. (1999).

In the coarse mode, the combination of large particles (¢ > 3um) and smaller wave-
lengths (below 1 um) generated large size parameters for which the T-matrix code pro-
duced convergence errors that did not allow the final calculations of the absorption
efficiencies.
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2.6 Compositional analysis by X-Ray Fluorescence

Energy Dispersive X-ray Fluorescence analysis (EDXRF) of the fine and coarse par-
ticles was used to investigate the dependence of the refractive indices with chemical
composition. X-ray Fluorescence analyses of twelve fine filters and four coarse filters
were performed at the Atmospheric Physics Laboratory at University of Sao Paulo on
an Epsilon 5 PanAnalytical EDXRF spectrometer.

Figure 11 shows the average concentration fraction (for fine and coarse particles)
relative to the total mass collected on the filters. Si, Al and Fe are the three major
elements that together represent up to 35 % of the total aerosol mass.

The ratios between the fine and coarse average concentrations calculated based
only on the mass detected by EDXRF (from Na to Pb) presented in Fig. 12 show the
variation between fine and coarse elemental concentrations. The results show a ten-
dency for low atomic nhumber elements to dominate in the fine particles while higher
atomic number elements dominate in the coarse particles. Lower levels of Na, Mg,
Al for coarse particles might be explained by a possible size-dependent self absorp-
tion enhancement not taken into account during the EDXRF analysis. The higher ratio
obtained for sulfur is in agreement with the presence of the sulfate particles (around
150 nm) that are produced by sulfuric acid drops and they are expected to be concen-
trated mostly in the fine mode (Weinzierl et al., 2012).

Samples with fine and coarse particles of the volcanic ash were submitted to thermal
optical carbon analysis, but no significant amount of carbon was found.

3 Discussion

We found that the mass absorption efficiencies for fine and coarse modes are different.
These differences in the mass absorption efficiency between the modes should not be
attributed only to differences in the refractive index, but also to the size distributions of
the particles (Moosmuller et al., 2011).
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The retrieved imaginary refractive index is slightly different for fine and coarse par-
ticles. The EDXRF analysis also show different composition for fine and coarse mode
particles, which relates to the difference in refractive index. This finding is corroborated
by other studies of volcanic ash from the same volcanic eruption that showed differ-
ences of compositions between the modes (Schumann et al., 2011; Newman et al.,
2012). Further studies and discussions on this dependence of particles’ composition
with their size in minerals can be found in Kandler et al. (2009).

It is also important to discuss the assumptions of the particles’ shapes for the re-
trieval of the refractive index. The retrieval initially considered all particles as spheres,
allowing for the retrieval of the imaginary part of the refractive index using Mie theory.
The sensitivity of the retrieval of the imaginary part of the aerosol refractive index to
non-spherical particles was studied using the T-matrix code. This study was done for
the fine mode only. A constant aspect ratio f = 1.5 was selected initially as a repre-
sentative value for fine mode aerosols based on the median of the measured aspect
ratio distribution measured from the scanning electron microscopy pictures of the par-
ticles (Fig. 13a). In order to evaluate the effect of the non-sphericity of the particles,
Fig. 13b shows the retrieval of the imaginary part of the refractive index considering
higher aspect ratios f = 1.8 and 7 = 3.0 for this analysis. We found that f = 1.8 is the
highest value of f that we could run T-matrix without convergence problems for the
entire range of wavelengths we studied in this work. By considering f = 3.0, we are
certainly overestimating the effects of shape on the retrieval, although this value of f
limited us to obtain results for wavelengths only above 1100 nm. As can be seen in
Fig. 13b, the effects of assumptions on the shape of the particles are not negligible.
But even the most conservative analysis considering f = 3.0 produced results that are
within the uncertainties previously estimated for the imaginary part of the refractive
index.
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4 Conclusions

The results obtained show differences in the optical properties between fine and coarse
fraction of the analyzed volcanic ash. These differences were observed in the spectral
mass absorption efficiency and in the imaginary part of the refractive index. From 300
to 550 nm, the imaginary part of the refractive index for fine particles varies between
0.0015 to 0.0055/, while for coarse particles the variation in the same wavelength in-
terval is from 0.0015 to 0.003. From 550 nm to 2500 nm, the imaginary refractive index
for coarse and fine modes varies from 0.001 to 0.002. The method is suitable to the
derivation of the imaginary part of the refractive index and the real part should be con-
strained within a trusted limit. The range of the trusted limit of the real part together
with the uncertainty of the density of the material are the main sources of error in the
derivation of the imaginary part. Assuming spherical or spheroid particle shapes in
calculations of the mass absorption efficiency both yield similar imaginary refractive
indices for fine particles.

EDXRF analysis shows that fine and coarse particles have compatible composition
for most of the elements. Notable differences are observed for Ca and Fe (the forth and
the fifth more abundant element), the ratio of their concentrations seems to indicate
slightly higher concentrations of Ca and Fe in the coarse particles. The double con-
centration of sulfur in the fine particles, even though in small amount, is in agreement
with the expected higher concentration of fine sulfur particles produced by sulfuric acid
drops. Further studies are needed to explain the relationship between the differences
of composition and optical properties observed between fine and coarse particles.
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Figure 1. Samples of Volcanic ash from April 2010 Eyjafjallajékull eruption. (A) Original sam-
ple collected from the ground. (B) Fraction removed by sieving process (particles larger than & — —
45 um). (C) Fraction re-suspended for analysis (particles smaller than 45 um). Q
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Figure 2. Sketch of experimental setup showing the Fluidized Bed Aerosol Generator (FBAG)
at the bottom with air flow lines for aerosol re-suspension.

13289

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jadeq uoissnasiq | Jaded uoissnosiq

ACPD
14, 13271-13300, 2014

Properties of the
Eyjafjallajokull
volcanic ash

A. Rocha-Lima et al.

=
o

Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

(&)
()


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/13271/2014/acpd-14-13271-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/13271/2014/acpd-14-13271-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
14, 13271-13300, 2014

Jaded uoissnosiq

Properties of the
Eyjafjallajokull
volcanic ash

o
@ )
2] A. Rocha-Lima et al.
(7]
@,
o
=)
S Title Page
©
()
.
-
@]
(2}
(2]}
. P, . <}
Figure 3. SEM images of the Eyjafjallajékull volcanic ash collected from the ground, resus- = n n
pended and re-collected on filters. (A) Volcanic ash particles collected on a fine filter —0.4 pm _é? _ —
pores. (B) Analyzed particles using Image J software showing top view cross sectional area of @
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Figure 4. Particle’s number, surface area, and volume distribution vs. particle diameter (per cm?
of filters) obtained by analysis of SEM images for a fine and a coarse filter of the Eyjafjallajokull
volcanic ash. Distributions are normalized by the width of the bins to show the area bellow the
curve proportional to the number concentration, as presented in Seinfeld and Pandis (1998).
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Figure 5. Schematic drawing of the experimental procedure for determination of the density of

the volcanic ash.

v1= Vair+ Vash
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Figure 13. (A) Particles’ shape distribution for the fine mode of the volcanic ash and (B) anal-
ysis of the imaginary part of the refractive index considering different aspect ratios f for the
T-matrix calculations of spheroidal particles. For f = 3, the refractive index was retrieved only
for wavelengths above 1100 nm due to convergence issues of the T-matrix code for shorter
wavelengths.
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