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Abstract. Better characterization of the optical properties of
aerosol particles are an essential step to improve atmospheric
models and satellite remote sensing, reduce uncertainties in
predicting particulate transport, and estimate aerosol forc-
ing and climate change. Even natural aerosols such as min-
eral dust or particles from volcanic eruptions require better
characterization in order to define the background conditions
from which anthropogenic perturbations emerge. We present
a detailed laboratorial study where the spectral optical prop-
erties of the ash from the April–May (2010) Eyjafjallajökull
volcanic eruption were derived over a broad spectral range,
from ultra-violet (UV) to near-infrared (NIR) wavelengths.
Samples of the volcanic ash taken on the ground in the vicin-
ity of the volcano were sieved, re-suspended, and collected
on filters to separate particle sizes into fine and mixed (coarse
and fine) modes. We derived the spectral mass absorption ef-
ficiencyαabs [m2 g−1] for fine and mixed modes particles in
the wavelength range from 300 to 2500 nm from measure-
ments of optical reflectance. We retrieved the imaginary part
of the complex refractive index Im(m) from αabs, using Mie–
Lorenz and T-matrix theories and considering the size distri-
bution of particles obtained by scanning electron microscopy
(SEM), and the grain density of the volcanic ash measured as
ρ = 2.16± 0.13 g cm−3. Im(m) was found to vary from 0.001
to 0.005 in the measured wavelength range. The dependence
of the retrieval on the shape considered for the particles were
found to be small and within the uncertainties estimated in
our calculation. Fine and mixed modes were also analyzed
by X-ray fluorescence, exhibiting distinct elemental compo-
sition supporting the optical differences we found between
the modes. This is a comprehensive and consistent character-

ization of spectral absorption and imaginary refractive index,
density, size, shape and elemental composition of volcanic
ash, which will help constrain assumptions of ash particles in
models and remote sensing, thereby narrowing uncertainties
in representing these particles both for short-term regional
forecasts and long-term climate change.

1 Introduction

Aerosols, small liquid or solid particles suspended in the at-
mosphere, are important atmospheric constituents that af-
fect Earth’s energy balance, clouds, weather, climate, vis-
ibility, aircraft safety and air quality (Chin et al., 2009;
Twomey, 1977; Boucher et al., 2013; Malm et al., 2004;
Casadevall, 1994; Lim et al., 2012). Atmospheric models
that represent any of these phenomena, processes or con-
sequences, and remote sensing algorithms that intend to
return quantitative information about the Earth system re-
quire assumptions of these particles’ microphysical, opti-
cal and compositional properties (Chin et al., 2009). Specif-
ically, to properly represent aerosols in a model or algo-
rithm, we require spectral real and imaginary refractive in-
dices, shape and size distribution (or scattering phase ma-
trix), density and composition (Lenoble et al., 2013). These
properties define how the particles absorb and scatter light
(Bond et al., 2006), how they may heat or cool the atmo-
sphere (Jacobson, 2001; Ramanathan and Carmichael, 2008),
affect cloud formation and processes (Lohmann and Fe-
ichter, 2005; Andreae and Rosenfeld, 2008), undergo chemi-
cal transformation (Andreae and Crutzen, 1997), and perturb
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climate (Hansen et al., 1997; Yu et al., 2006). These proper-
ties also enable the estimation of aerosol mass used in atmo-
spheric models from measures of aerosol optical depth, com-
monly observed by remote sensing systems (Schulz et al.,
2006; Hand and Malm, 2007).

Although these properties are of fundamental importance
for a wide range of atmospheric applications, there is still
a lack of data available for different aerosol types. Much of
the aerosol community relies on retrievals of aerosol proper-
ties from ground-based remote sensing, e.g.,Dubovik et al.
(2002) with over 1000 citations. The advantage of these data
is that they represent the optical properties of the total col-
umn ambient aerosol. However, these retrievals are subject
to their own assumptions and limitations. For example, the
retrievals are made for only four wavelengths in the range
of 440 to 870 nm and a uniform refractive index is assumed
for all size modes (Dubovik and King, 2000). In addition,
the retrieval requires sky homogeneity and moderately high
aerosol loading, and cannot isolate specific aerosol layers in
the column.

Direct measurements of optical properties can be made in
the field (Hunton et al., 2005) or can be applied to aerosol
samples that are brought back to the laboratory (Pollack
et al., 1973; Patterson et al., 1983; Volten et al., 2001; Kirch-
stetter et al., 2004). There are many aerosol property mea-
surements in the literature, but few offer a consistent and
comprehensive array of properties that allow full characteri-
zation of the particles’ mass, size, shape, refractive index and
composition. For example, in situ measurements of aerosols
in volcanic ash plumes over Europe yielded ash mass con-
centrations only after values for density and refractive in-
dices were inferred from elemental composition, not direct
measurements (Schumann et al., 2011).

Volcanic eruptions are an important source of aerosols to
the atmosphere. Because eruptions are sporadic, they intro-
duce high variability to the total global aerosol burden (Chin
et al., 2014). Estimates of anthropogenic forcing and human-
induced climate change require characterization of back-
ground conditions (Bellouin et al., 2008). Volcanic aerosols
in particular make it difficult to characterize the baseline
from which to estimate the anthropogenic perturbation to the
natural system (Yuan et al., 2012; Chin et al., 2014). In ad-
dition, volcanic ash creates significant concerns for aircraft
safety (Casadevall, 1994).

In April 2010, after almost 200 years from its last eruption
in 1821–1823, the Eyjafjallajökull volcano on the southern
edge of Iceland initiated seismic activity. Although the erup-
tion is considered to be of small to moderate size, the vol-
canic ash injected into the atmosphere spread over much of
Europe due to fine particle fragmentation during magma–ice
interaction 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 (Gud-
mundsson et al., 2010; Langmann et al., 2012).

During the April–May (2010) Eyjafjallajökull volcanic
eruption, the scientific community combined information
from ground, aircraft (Schumann et al., 2011; Newman et al.,
2012; Rauthe-Schöch et al., 2012) and remote sensing (Ans-
mann et al., 2010; Gasteiger et al., 2011) to evaluate the
actual conditions and to recommend air traffic restrictions.
These recommendations were based mainly on transport
model assessments, supported by optical measurements in-
cluding lidar observations that had to be converted to mass.
To obtain mass from the observations, microphysical proper-
ties of the volcanic ash had to be assumed (Newman et al.,
2012). The mass absorption, scattering and extinction effi-
ciencies [m2 g−1] are the main quantities connecting the op-
tical properties and the bulk mass of the aerosol particles.
Current assumptions on the optical and microphysical prop-
erties of aerosols are based on limited classical studies now
30 years old (Patterson et al., 1981, 1983). Because the clas-
sical studies are limited to a single visible wavelength, the
spectral dependence of the refractive index, particularly the
imaginary part, is usually unknown for most aerosol par-
ticles, including volcanic ash. Also, seldom are the classi-
cal measures of refractive index combined consistently with
measures of size distribution, shape and composition in a
way that provides strong constraints on the scattering and ab-
sorption properties of the ash. The uncertainty in the refrac-
tive index and the assumptions in the particle shape and inter-
nal mixtures are the main sources of error in the retrieval of
optical depths (Ilyinskaya et al., 2011; Krotkov et al., 1998;
Yi et al., 2011).

The main objective of this study is to help fill the gaps
in knowledge that would allow observations to better con-
strain model representations of the Eyjafjallajökull volcanic
ash for future regional transport predictions and ultimately
to be applied to possible climate applications. To do so we
present measured spectral optical properties of the ash, de-
rived over a broad spectral range, from ultra-violet (UV) to
near-infrared (NIR) wavelengths.

The sample of the Eyjafjallajökull volcanic ash col-
lected on the ground was initially sieved, resuspended and
re-collected on filters. Several analytical techniques were
used to characterize the ash samples. Scanning electron mi-
croscopy (SEM) data were used to get the shape and size
distribution. X-ray fluorescence (XRF) was used to obtain
the chemical composition of the volcanic ash. The density
of the grain was measured independently using a densimetry
method, and optical reflectance analyses were used to derive
the mass absorption efficiency.

The imaginary part of the complex refractive index Im(m)

was calculated through an iterative inversion process. This
calculation was obtained by combining the empirical power
law method and the size distribution method, as will be de-
scribed in the following sections. Both the Mie–Lorenz the-
ory and the T-Matrix code (Mishchenko et al., 1996) were
applied for the determination of the refractive index with the
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Figure 1. Samples of volcanic ash from the April–May (2010)
Eyjafjallajökull volcanic eruption.(a) Original sample collected
from the ground.(b) Fraction removed by sieving process (particles
larger than 45 µm).(c) Fraction re-suspended for analysis (particles
smaller than 45 µm).

assumption of spherical and spheroid particle shape respec-
tively.

2 Experimental methods and analyses

2.1 Volcanic ash resuspension and filter collection

The volcanic ash sample studied in this research was col-
lected on the ground about 35 km from the volcano Eyjafjal-
lajökull 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 for Aerosols and Clouds Optics (LACO)
at the University of Maryland, Baltimore County (UMBC),
the material was initially sieved to retain particles smaller
than 45 µm. This sieving is done by gently shaking the sieve.
Any fragmentation or abrasion of the volcanic ash is unlikely
in this process given the high hardness of this material (Gis-
lason et al., 2011). Particles larger than 45 µm were discarded
and not analyzed due to their short residence time in the at-
mosphere. Figure1 shows (a) the original sample, as it was
collected on the ground, (b) the discarded fraction with par-
ticles larger than 45 µm and (c) the fraction below 45 µm re-
tained 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 µm.

Sieved particles (c) smaller than 45 µm were submitted to
a re-suspension procedure in a fluidized bed aerosol genera-
tor (FBAG), TSI model 3400A, where they were disaggre-
gated down to submicron sizes and carried out by a flow
of dry air (Fig. 2). In this process, agglomerates generally
formed by small particles attached to larger particles are
able to be separated without damaging the individual par-
ticles. This process is important because samples of parti-
cles deposited on the ground commonly show small parti-
cles statically attached to large particles. The disaggrega-
tion/separation of these agglomerates in the FBAG produces
a more realistic particle size distribution. In addition, the sin-

Figure 2. Sketch of experimental set-up showing the Fluidized Bed
Aerosol Generator (FBAG) at the bottom with air flow lines for
aerosol re-suspension.

gle light–particle interaction theories (Mie and T-matrix) that
were applied in our analysis assume this condition.

A cyclone and an impactor at the exit nozzle of the FBAG
were used to remove particles larger than 10 µm. A conden-
sation particle counter, TSI model 3772, was used to mon-
itor the concentration of particles generated by the FBAG.
Omega flow meters, model FMA, were used to monitor the
air flow in the different lines of our set-up. Nuclepore® fil-
ters with pores of 5 µm (coarse filter) and 0.4 µm (fine filter)
in diameter were used to separate the sample into different
size modes. The Nuclepore filters work like an impactor, and
therefore pores with 0.4 µm diameter have high collection ef-
ficiency for all particle sizes (Cahill et al., 1977). Filters with
5 µm pores have cutoff sizes around 1.5 µm (Buzzard et al.,
1981).

A high-precision analytical microbalance Mettler Toledo
UMX2 with a resolution of 0.1 µg was used to determine
the particles’ mass collected on the filters. Filters were dis-
charged before weighing using a Mettler Toledo universal
antistatic kit to minimize interference of charges on the mea-
surement. The filters were weighed before and after the de-
position of the resuspended particles for the determination of
the concentrationσ in [g m−2], the mass deposited per unit
of area on the surface of each filter. Blank filters were also
used to control for possible error in the weighing procedure
during the realization of the experiment.

2.2 SEM analysis and size distribution

Scanning electron microscopy (SEM) analysis with a micro-
scope model JEOL 5600 with maximum resolution of 5 nm
was used to obtain shape and size distribution of the parti-
cles. A semi-automatic procedure using PhotoImpact X3 and
ImageJ software was used to determine the top view cross-
sectional area of each particle. From this area, the diameter
of an equivalent circular area was derived.
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Figure 3.SEM images of the Eyjafjallajökull volcanic ash collected
from the ground, resuspended and re-collected on filters.(a) Vol-
canic ash particles collected on a fine filter of 0.4 µm pores.(b)
Intermediate analysis by PhotoImpact X3 software with particles
separated by colors.(c) Analyzed particles using ImageJ software,
ellipses are fitted to the particles and top-view cross-sectional area
and aspect ratio of each particle is derived.

The analysis of particle size distribution is done in two
steps. PhotoImpact X3 is used to identify individual particles
and manually separate those particles that are too close to
each other or overlap, particles partially on the border of the
figure, and particles that do not contrast well with the back-
ground of the image. ImageJ software is used subsequently
to measure the area and aspect ratio of all the identified par-
ticles.

Figure3 shows an example of the process of particle iden-
tification with PhotoImpact X3 and the posterior analysis of
particle’s size with ImageJ for a fine filter. Black circles on
the images are the filter pores, while the particles are shown
in white. The second image shows that overlapped particles
or particles very close to each other can be separated by the
software PhotoImpact X3, the separation is made by setting
the particles in different colors. Finally the ImageJ software
is applied to each set to obtain the cross-sectional area and
aspect ratio of the particles.

Top-view SEM images do not provide information about
the depth of the particles deposited on the filters, i.e., their
third dimension. To gain some insight about this characteris-
tic, we analyzed a set of particles using two images of SEM:
the top-view image and an additional image taken of the
same particles by tilting the sample inside the microscope.
The ratio between the top-view mean diameter “d” and the
height “h” of the particles was obtained by an analysis of the
particles’ projected area from the two images. From there we
found that there is a preferential orientation for the particle
deposition on the filters with d/h smaller than 1 for around
75 % of the particles. We estimated the ash particles’ volume
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Figure 4. Particle’s number, surface area, and volume distribution
vs. particle diameter (per cm2 of filters) obtained by analysis of
SEM images for a fine and a coarse filter of the Eyjafjallajökull vol-
canic ash. Distributions are normalized by the width of the bins to
show the area below the curve proportional to the number concen-
tration, following the form discussed inSeinfeld and Pandis(1998).

asv(r) = A · r, whereA is the top-view cross-sectional area
of the particle andr is the particle’s radius extracted from the
top-view cross-sectional area of each particle.

Figure 4 shows the particles’ number, surface area, and
volume distributions for the fine (red) and mixed (blue) frac-
tion based on an analysis of about 3000 particles. Most of
the particles collected on the fine filter have diameter be-
low 2 µm, while the coarse filter contains particles that over-
lap with the distribution from the fine filter but also extend
to 11 µm of diameter. Therefore we refer to particles in the
coarse filter as mixed.

2.3 Grain density of the volcanic ash

The densityρ of the volcanic ash was measured using
a custom-made instrument similar to a gas pycnometer
(Chang, 1988). Our system consists of a vessel of adjustable
volume with a resolution of 0.1 mL and a barometer with a
resolution of 0.5 psi. The volumeVash of a sample was ob-
tained by measuring the variation of the volume (1V ) re-
quired 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.Vash was found as
Vash= VC − 1V · P2/(P2 − P1), whereVC is the total vol-
ume of the vessel andP1 and P2 are the initial and final
pressures in the vessel with a sample of ash inside it. We
determined the ash’s density asρ = Mash/Vash, whereMash
is the mass of the analyzed sample. The uncertainty of the
particle’s grain density was calculated from uncertainties of
the measurements of mass, volume and pressure.

Atmos. Chem. Phys., 14, 10649–10661, 2014 www.atmos-chem-phys.net/14/10649/2014/
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Figure 5. Schematic drawing of the experimental procedure for de-
termination of the grain density of the volcanic ash.

The measured volcanic ash density was
2.16± 0.13 g cm−3. This value is smaller than what is
usually used in the literature for ash samples from the Ey-
jafjallajökull volcano, which is 2.6 g cm−3 (Gasteiger et al.,
2011; Bukowiecki et al., 2011) or 2.4 g cm−3 (Gudmundsson
et al., 2010). According toShipley et al.(1982), values of
particles’ grain density can vary significantly (from 0.7 to
3.2 g cm−3) for volcanic ash. Discrepancies in the values
of density applied for volcanic ash might be related to
the scarcity of direct measurements of this quantity in the
literature. In general, the density of the material is taken
from assumptions based on the analysis of composition of
the particles.

2.4 Spectral light absorption via optical reflectance
measurements

The spectral light absorption of the volcanic ash particles was
investigated by measuring the reflectance of the Nuclepore®

filters as a function of the volcanic ash collected mass.
A broadband light source was used to shine light on these fil-
ters. The reflected light from the loaded filters was analyzed
comparatively to blank filters’ reflectivity. Two spectrom-
eters with different broadband illuminators were used: an
Avantes AvaSpec 2048, with ultra-violet (UV) starting from
300 nm to near-infrared wavelengths (NIR) up to 1100 nm,
with a high-power UV-VIS light source from Hamamatsu
model L10290, and a FieldSpec Pro from Analytical Spectral
Devices with a range of 350 to 2500 nm with a reflectance
lamp from ASD Inc.

Figure 6. Spectral reflectance of the volcanic ash Eyjafjallajökull
for fine filters according to the loaded mass per unit areaσ of
each filter in [g m−2]. Each curve represents the average over 25
measurements of reflectance over the same filter. Uncertainties on
the reflectance were estimated to be a maximum of 2.0 % for the
full wavelength range. These uncertainties arise mainly from non-
flatness of the filters when placed for measurements.

Figure 6 shows the spectral reflectance for the Eyjafjal-
lajökull volcanic ash collected on several filters with differ-
ent mass loadings. These measurements were performed at
zenith angle of 10◦ while the light source illuminated the fil-
ter at zenith angle of 45◦ and same azimuth. Each curve is an
average of 25 measurements of reflectance, reducing noise
levels to less than 0.5 %. For these measurements the filter
should be as flat as possible; waves in the surface of the filter
will increase the variability of the reflectance and increase
uncertainties. The total uncertainty in these measurements is
mainly driven by the the smoothness of the filter and homo-
geneity of particles collected on the filter. These were esti-
mated to be of maximum 2 %.

We can see from these results that most of the attenua-
tion occurs for short wavelengths and we will assume that
the total attenuation is due mainly to absorption. The rea-
soning behind this assumption is based on three properties
of our experimental set-up: (1) light scattered forward by
the particles 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 fil-
ters 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 distri-
bution function) are not significant in this range. (3) Multi-
ple scattering effects are minimized in the Nuclepore filters
due to particles being collected on the surface of the filters

www.atmos-chem-phys.net/14/10649/2014/ Atmos. Chem. Phys., 14, 10649–10661, 2014
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Figure 7. Power law fitting of the concentrationσ in [g m−2] vs. the logarithm of the reflectance (I/I0) usingb = 1.218 anda andc as free
parameters. These examples are for fine particles of the Eyjafjallajökull volcanic ash for two wavelengths: 350 and 550 nm. Error bars are
the combined uncertainties of the reflectances and loaded mass of particles on the filters.

(Martins et al., 2009). For this reason multiple scattering ef-
fects were neglected in this work.

Reid et al.(1998) shows a validation of the reflectance
method comparing it with a standard extinction cell and a
nephelometer. According to their analysis, the absorption ob-
tained by reflectance measurements was in good agreement
with the extinction cell measurements for a large range of
aerosol loading.

According toMartins et al.(2009), when particles are at-
tached to the filters, a correction of the Lambert–Beer law
is needed to describe the absorption of light by these parti-
cles. This correction was derived using an empirical power
coefficientb = 1.218 and it is described in this paper as the
empirical power law method, where the relationship between
σ and the mass absorption efficiencyαabsis given by Eq. (1).

σ =
G

2αabs
[− ln(I/I0)]

b
+ c (1)

The mass absorption efficiencyαabs in [m2 g−1] can be ob-
tained by the relationship between the collected aerosol mass
per unit of area on the surface of the filterσ [g m−2] and the
logarithm of the reflectance (I/I0) for each wavelength. Here
I/I0 is the ratio of the reflectance of a filter with ash de-
posited on it and one clean filter. The geometrical factorG

described inMartins et al.(2009) was determined to equal
1 for a large range of geometries, including the one used in
this work. The parameterc is a constant to take into account
a possible offset in the mass of the filters, for instance due to
an error in blank subtraction.

Figure7 shows examples of power law fittings for 350 and
550 nm using the empirical power law method for fine filters
with different loaded masses. The error bars were obtained
combining the uncertainties of the reflectance measurements
and the loaded mass. This fit was performed for each wave-

length every 1 nm from 300 nm to 2500 nm, allowing us to
obtain the spectral dependence ofαabsfrom the fitted param-
etera, asαabs= 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 un-
certainties were estimated from the error in fitting the coef-
ficient a. The results show enhanced UV absorption features
for fine particles. This is in agreement with the fact that large
particles, in the UV-VIS wavelength range, lower the absorp-
tion efficiency due to incomplete light penetration into the
particle (Moosmüller et al., 2011).

Another independent method to obtain the mass absorp-
tion efficiency is based on the particles’ size distribution, re-
ferred to as size distribution method. The mass absorption
(or scattering, or extinction) efficiency of the aerosols (αi in
(m2 g−1), where the indexi indicates either absorption, scat-
tering or extinction) can be written in terms of the particle
number size distribution (n(r) in (particles m−2)), geometri-
cal cross-sectional area (A(r) [m2]), volume of each particle
(v(r) (m3)) and grain density (ρ (g m−3)) of the material by

αi =

∫
∞

0 n(r)Qi(x,m)A(r)dr∫
∞

0 n(r)ρv(r)dr
, (2)

where Qi is the efficiency coefficient representing the
weighting factor for the probability of interaction of light
with particles.Qi depends on the particle size parameter
x = 2πr/λ, on the particle’s shape, and on the complex re-
fractive index of the particle materialm = 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 understood for
complicated shape distributions. Here we used the compar-
ison between spherical particles and spheroids to assess the
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Figure 8. Spectral mass absorption efficiency (αabs) for mixed and
fine particles of the Eyjafjallajökull volcanic ash collected on filters.
Uncertainties were estimated by propagating the error of the param-
etera obtained from the power law fitting, shown as error bands.

sensitivity of our retrieved Im(m) to particle shape.Qabswas
calculated using (1) Mie–Lorenz theory, with the assumption
of spherical particles, and (2) T-matrix, with the assumption
of spheroids.

2.5 Refractive index derivation

The Im(m) for fine and mixed particles of the Eyjafjallajökull
volcanic ash was obtained by an iterative process that mini-
mizes the difference betweenαabs derived from Eq. (1) and
αabsobtained from Eq. (2) for each wavelength.

We performed the minimization to obtain Im(m) and
Re(m) simultaneously, varying Im(m) in steps of 0.00001
and Re(m) in steps of 0.01 with values ranging from 1.5 to
2.0 to include most of the values of Re(m) found in the lit-
erature. Since the sensitivity to obtain Re(m) is small, we
performed a second minimization, with Re(m) fixed at the
average value we found, Re(m) = 1.68. To estimate the influ-
ence of the Re(m) on the minimization procedure, we repeat
the minimization considering a variation of±0.1 in Re(m).
We observed that this variation produces a±0.00025 change
in Im(m).

The minimization procedure, based on the difference be-
tween αabs derived from Eq. (1) and αabs obtained from
Eq. (2), was reached with a maximum difference of 10−4,
which is less then 0.2 % ofαabs.

Figure9 shows the results obtained for Im(m) with Re(m)

kept fixed at its mean value and assuming spherical particles.
Im(m) is observed to be higher in the wavelength range be-
low 500 nm with a strong increase in the UV region. A min-
imum of absorption is observed atλ = 875nm for fine parti-
cles, and atλ = 700nm for the mixed ones. For shorter wave-
lengths, Im(m) for the fine particles is higher than the mixed

16 A. Rocha-Lima et al.: Properties of the Eyjafjallajökull volcanic ash

250 650 1050 1450 1850 2250 2650
0.000

0.001

0.002

0.003

0.004

0.005

0.006
 

 

 Fine
 Mixed

Im
ag

in
ar

y 
pa

rt 
of

 re
fra

ct
iv

e 
in

de
x

Wavelength (nm)

Figure 9. Imaginary part of the complex refractive index for mixed and fine particles using Mie Theory with n= 1.68 and density
ρ= 2.16 g cm−3. The error bars of the imaginary part of the complex refractive index were estimated by studying the sensitivity of the
minimization method to the uncertainties of the real part of the refractive index, the mass absorption efficiency, the particles’ cross-section,
volume, and density.

Figure 9. Imaginary part of the complex refractive index for mixed
and fine particles using Mie theory withn = 1.68 and densityρ =

2.16 g cm−3. The error bars of the imaginary part of the complex
refractive index were estimated by studying the sensitivity of the
minimization method to the uncertainties of the real part of the re-
fractive index, the mass absorption efficiency, the particles’ cross-
sectional area, volume, and density.

ones with an inversion for longer wavelengths. The crossover
is at aboutλ = 550nm.

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, the mass absorption effi-
ciency, and the particles’ cross-sectional area, volume, and
density. These uncertainties were added quadratically and are
shown as error bars in Fig.9.

In the literature, the refractive index of the Eyjafjalla-
jökull volcanic ash was reported as Re(m) = 1.58(2) and
Im(m) in the range 0.002− 0.015i (at 550 nm), derived us-
ing the particle soot absorption photometer inversion method
(Weinzierl et al., 2012; Petzold et al., 2009, 2011). In Schu-
mann et al.(2011) the Eyjafjallajökull volcanic ash plume
was studied assuming absorbing particles with a refractive
index 1.59+0.004i and non-absorbing particles with refrac-
tive index 1.59+ 0i at 636 nm. Differences on the refrac-
tive index between fine and coarse particles due to chemi-
cal composition variations were also discussed byNewman
et al. (2012); this study adopted 1.52+ 0.0015i for coarse
mode and 1.43+ 0.00i for fine mode, specified across all
UV-visible wavelengths. Our results of Im(m) are partially in
agreement with values found in the literature for the specific
wavelengths measured by these other studies. Comparatively
to other volcanic ashes, our Im(m) in the UV has the same
order of magnitude of previous laboratory measurements for
the Mount Spurr volcano (Krotkov et al., 1999). However,
our results have smaller Im(m) than Mount St. Helens and
Fuego ashes measured in the 1980s (Patterson et al., 1981,
1983).
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Figure 10. Imaginary part of the complex refractive index calculated for fine particles by Mie Theory and T-Matrix (for an aspect ratio of
1.5).
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Figure 11. Fraction of the mass of each element in relation to the total collected mass. The error bars represent one standard deviation of the
concentration measured for different filters.

Figure 10. Imaginary part of the complex refractive index calcu-
lated for fine particles by Mie theory and T-Matrix (for an aspect
ratio of 1.5).

The T-matrix method was also applied assuming randomly
oriented ellipsoidal particles using the extended-precision
code. A modified gamma distribution was fitted to the mea-
sured size distribution of the particles shown in Fig.4 cor-
rected for the “equal-volume sphere radius” distribution, as
defined inMishchenko et al.(1998). Using the SEM images,
the median of the aspect ratio distribution was obtained cal-
culating the axial ratio of each particle. The most probable
value for the aspect ratio was found to bef = 1.5 for both
fine and mixed distributions and this value was used in the T-
matrix code. The ellipsoids considered by the T-matrix code
are created by rotating ellipses about one of their axis and
they are completely defined by the “equal-volume sphere ra-
dius” distribution and the axial ratio. In this study we con-
sider ellipses rotating about their minor axis, creating oblate
spheroids. Implications of the assumption off = 1.5 were
evaluated in Sect. 3, where other values off = 1.8 and 3.0
were also used for T-matrix calculations.

Figure10 overlaps Im(m) derived using Mie theory and
T-matrix 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 Im(m). The agreement be-
tween Mie theory and T-Matrix for fine particles was also
observed byKrotkov et al.(1999). In the mixed mode, the
combination of large particles (d > 3µm) and smaller wave-
lengths (below 1 µm) generated large size parameters for
which the T-matrix code produced convergence errors that
did not allow the final calculations of the absorption efficien-
cies.

We estimated that the uncertainties on the imaginary part
of the refractive index for the T-Matrix calculation have the
same magnitude as the uncertainties estimated for Mie the-

Figure 11. Fraction of the mass of each element in relation to the
total collected mass. The error bars represent one standard deviation
of the concentration measured for different filters.

ory. Uncertainties for T-Matrix were not explicitly shown
with the curves in Figs.10and13b in order to make the read-
ing of this figure easier.

2.6 Compositional analysis by X-ray fluorescence

Energy dispersive X-ray fluorescence analysis (EDXRF) of
the fine and mixed particles was used to investigate dif-
ferences in chemical composition between both modes. X-
ray fluorescence analyses of 12 fine filters and 4 coarse fil-
ters 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 mixed-mode particles) relative to the total mass col-
lected on the filters. Si, Al and Fe are the three major ele-
ments that together represent up to 35 % of the total aerosol
mass. The error bars represent 1 standard deviation of the
concentration measured for different filters.

The ratios between the fine and mixed modes’ 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 mixed modes’ elemental concen-
trations. The uncertainties of the concentrations’ ratios be-
tween fine and mixed mode were obtained by direct error
propagation of the concentrations. The results show a ten-
dency for low atomic number elements to dominate in the
fine particles, while higher atomic number elements domi-
nate in the mixed-mode particles. Lower levels of Na, Mg,
and Al for mixed-mode particles might be explained by
a possible size-dependent self-absorption 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
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Figure 12. Relative mass concentration between fine and mixed modes. The error bars were calculated from direct error propagation from
the measurement of concentrations.
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Figure 13. (A) Particles’ shape distribution for the fine mode of the volcanic ash and (B) analysis of the imaginary part of the complex
refractive index considering different aspect ratios f for the T-matrix calculations of spheroidal particles. For f = 3, the imaginary part of
the complex refractive index was retrieved only for wavelengths above 1100 nm due to convergence issues of the T-matrix code for shorter
wavelengths.

Figure 12. Relative mass concentration between fine and mixed
modes. The error bars were calculated from direct error propaga-
tion from the measurement of concentrations.

sulfuric acid drops and they are expected to be concentrated
mostly in the fine mode (Weinzierl et al., 2012).

Samples with fine and mixed-mode particles of the vol-
canic ash were subjected to thermal optical carbon analysis,
but no significant amount of carbon was found.

3 Discussion

We found that the difference of mass absorption efficiency
for mixed and fine particles becomes more pronounced in
the wavelength range below 600 nm. 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 (Moosmüller et al.,
2011).

The retrieved Im(m) shows spectral differences of up to
0.002i for fine and mixed particles. The EDXRF analysis
also shows different compositions for fine and mixed-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 differences 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 min-
erals can be found inKandler et al.(2009).

It is also important to discuss the assumptions of the par-
ticles’ shapes for the retrieval of the refractive index. The re-
trieval initially considered all particles as spheres, allowing
for the retrieval of Im(m) using Mie theory. The sensitivity
of the retrieval of Im(m) to non-spherical particles was stud-
ied using the T-matrix code. This study was done for the fine
mode only. A constant aspect ratiof = 1.5 was selected ini-
tially as a representative value for fine-mode aerosols based

on the median of the measured aspect ratio distribution mea-
sured from the scanning electron microscopy pictures of the
particles (Fig.13a). In order to evaluate the effect of the non-
sphericity of the particles, Fig.13b shows the retrieval of
Im(m) considering higher aspect ratiosf = 1.8 andf = 3.0
for this analysis. We found thatf = 1.8 is the highest value
of f with which we could run T-matrix without convergence
problems for the entire range of wavelengths studied in this
work. By consideringf = 3.0 as the representative aspect
ratio of our collection of particles, we are certainly over-
estimating the effects of shape on the retrieval, given that
only 0.6 % of the particles were found to have an aspect ratio
higher thanf = 3.0. This value off limited us to obtaining
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 consideringf = 3.0 produced results that are within
the uncertainties previously estimated for Im(m). Neverthe-
less, it is important to note that an aspect ratio off = 3.0 is
not extreme for all types of particles in nature. As observed
by Veghte and Freedman(2014), some clay particles with
plate-like structures can have lateral aspect ratios between 4
and 9.

This work measured the optical, microphysical and com-
positional properties of the sample we have available from
the Eyjafjallajökull eruption, collected at 35 km from the vol-
cano. Volcanic ash particles might be subjected to long-range
transport effects, such as size and density selection. There-
fore, it is unknown how directly applicable our results re-
ported here are to the ash plume that occurred over Europe
during this eruption. However, there are some studies that
do at least link composition of the ash found in Europe with
that collected in Iceland.Bukowiecki et al.(2011) reported
that the average chemical composition of volcanic ash par-
ticles that reached Switzerland was very similar to a sam-
ple collected near the volcano. Also,Beeston et al.(2012)
found evidence that the ash from the Eyjafjallajökull’s erup-
tion reached Slovenia (more than 2500km away from the
volcano) based on analyses of chemical composition of the
aerosol collected in Slovenia after the eruption, which has
shown properties similar to those from the Eyjafjallajökull
eruption. These similarities in composition, near and far from
the source, offer some support to the premise that the optical
properties of the long-range transported aerosol do not vary
significantly with the sample collected in the proximity of the
volcano.

4 Conclusions

The results obtained show differences in the optical proper-
ties between fine and mixed fraction of the analyzed volcanic
ash. These differences were observed in the spectral mass
absorption efficiency and in Im(m). From 300 to 550 nm,
Im(m) for fine particles varies between 0.0015 and 0.0055i,
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Figure 13. (a) Particles’ shape distribution for the fine mode of the volcanic ash and(b) analysis of the imaginary part of the complex
refractive index considering different aspect ratiosf for the T-matrix calculations of spheroidal particles. Forf = 3, the imaginary part of
the complex refractive index was retrieved only for wavelengths above 1100 nm due to convergence issues of the T-matrix code for shorter
wavelengths.

while for mixed particles the variation in the same wave-
length interval is from 0.0015 to 0.003i. From 550 nm to
2500 nm, Im(m) for mixed and fine modes overlaps and
varies from 0.001 to 0.002i. The main sources of error in
the derivation of Im(m) include constraining the real part of
the refractive index, uncertainty in deriving the mass absorp-
tion efficiency, particle cross-sectional area, volume and den-
sity of the material. These errors combine to give us a spec-
trally dependent total uncertainty of Im(m) from ±0.00015
to ±0.001i for wavelengths 300 to 550nm and±0.0001
to ±0.00025i for wavelengths 550 to 2500 nm. Assuming
spherical or spheroid particle shapes in calculations of the
mass absorption efficiency, both yield similar Im(m) for fine
particles. Deviations in the Im(m) are observed when the
mean aspect ratio is changed from 1.5 to 3 in the T-matrix
code, but this deviation is within the uncertainties of the mea-
surements.

EDXRF analysis shows that fine and mixed particles have
compatible composition for most of the elements. Notable
differences are observed for Ca and Fe (the fourth and the
fifth most abundant element), the ratio of their concentrations
seems to indicate slightly higher concentrations of Ca and Fe
in the mixed particles. The double concentration of sulfur in
the fine particles, even though in small amounts, is in agree-
ment 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 mixed particles.

These results represent a comprehensive and consistent set
of direct measurements of spectral refractive index, size dis-
tribution, shape and elemental composition of volcanic ash.
This fundamental information will enable better constraints
on remote sensing products and model representation of the

ash, leading to more reliable calculations of ash plume trans-
port in the future and better characterization of the role of
volcanic ash in Earth’s energy balance and climate change.
These results represent a comprehensive and consistent set
of direct measurements of spectral refractive index, size dis-
tribution, shape and elemental composition.
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