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Abstract The complex refractive indices of eight volcanic ash samples, chosen to have a representative
range of SiO2 contents, were retrieved from simultaneous measurements of their spectral mass extinction
coefficient and size distribution. The mass extinction coefficients, at 0.33–19 μm, were measured
using two optical systems: a Fourier transform spectrometer in the infrared and two diffraction grating
spectrometers covering visible and ultraviolet wavelengths. The particle size distribution was measured
using a scanning mobility particle sizer and an optical particle counter; values for the effective radius of ash
particles measured in this study varied from 0.574 to 1.16 μm. Verification retrievals on high-purity silica
aerosol demonstrated that the Rayleigh continuous distribution of ellipsoids (CDEs) scattering model
significantly outperformed Mie theory in retrieving the complex refractive index, when compared to
literature values. Assuming the silica particles provided a good analogue of volcanic ash, the CDE
scattering model was applied to retrieve the complex refractive index of the eight ash samples. The Lorentz
formulation of the complex refractive index was used within the retrievals as a convenient way to ensure
consistency with the Kramers-Kronig relation. The short-wavelength limit of the electric susceptibility
was constrained by using independently measured reference values of the complex refractive index of
the ash samples at a visible wavelength. The retrieved values of the complex refractive indices of the ash
samples showed considerable variation, highlighting the importance of using accurate refractive index data
in ash cloud radiative transfer models.

1. Introduction

Even moderately sized explosive volcanic eruptions have the potential to inject many hundreds of mega-
tonnes of volcanic ash into the troposphere and stratosphere. Atmospheric circulation can then transport
the ash plume over thousands of kilometers (Watson et al., 2016), intersecting commercial airline routes and
posing a significant risk to aviation (Dunn & Wade, 1994; Guffanti et al., 2010). The 2010 Eyjafjallajökull vol-
canic eruption injected approximately 380 megaton of ash into the atmosphere (Gudmundsson et al., 2012)
and cost the global economy an estimated US $5 bn (Oxford Economics, 2010) resulting from the closure of
European airspace as the ash plume propagated downwind. In addition to the risk to aviation, there is consid-
erable interest in quantifying the concentrations and dispersal of ash particles, because of their impacts on
the climate (Robock, 2000), public health (Horwell & Baxter, 2006), and the environment (Thordarson & Self,
2003). Despite the almost universal assumption within climate models that sulfate aerosol is the only radia-
tively active volcanic material, it has been found that fine ash particles account for up to 28% of stratospheric
volcanic cloud aerosol optical depth 3 months after an eruption (Vernier et al., 2016).

The rapid and accurate detection and quantification of ash using satellites and other remote sensing instru-
ments is vital to mitigate the risks to aviation and better understand plume dispersion dynamics (Prata,
2009). Airborne ash affects atmospheric radiative transfer by scattering solar radiation and by absorbing and
emitting infrared radiation; the resulting perturbation to the outgoing top-of-atmosphere radiance can be
measured by satellites and used to determine ash plume properties (Grainger et al., 2013). The strong infrared
extinction feature of volcanic ash at 8–12 μm, resulting from the absorption of radiation energy exciting
T–O−1 molecular vibrations (where T indicates fourfold coordinated cations, predominately Si4+, Al4+, and
Fe3+) (Di Genova et al., 2015), is widely exploited for the rapid detection of ash using satellites and other
remote sensing instruments (Dubuisson et al., 2014; Prata et al., 2016). For example, large negative brightness
temperature differences between 10 and 12 μm channels are used by nadir viewing instruments to indicate
the presence of ash (Prata, 1989).
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The accurate quantification and retrieval of ash plume properties from satellite measurements requires
detailed modeling of the radiative transfer through the atmosphere and ash cloud system (Kokhanovsky &
de Leeuw, 2009; Ventress et al., 2016). Assumptions in these models, including the complex refractive index
of particles, the assumption of spherical particles (and use of Mie theory), and assumptions about the size
distribution of particles, propagate to uncertainties in retrieved plume parameters, such as the plume top
height, optical path, and the effective radius of ash particles (Corradini et al., 2008; Wen & Rose, 1994; Western
et al., 2015).

The scattering and absorption of radiation produced by aerosols varies as a function of the particles’ size
distribution, complex refractive index, and shape distribution (Bohren & Huffman, 1983); a scattering the-
ory is required to determine the bulk optical properties, such as the volume extinction coefficient and the
phase function, from these parameters. In many applications the particles are assumed to be spheres, and
Mie theory is used. However, volcanic ash particles formed from explosive fragmentation are known to have
highly nonspherical and irregular shapes (Riley et al., 2003). Mie theory provides poor fits to experimental
infrared extinction data of silica particles (Bohren & Huffman, 1983; Reed et al., 2017), as well as other non-
spherical components of atmospheric mineral dust (Hudson, Gibson, et al., 2008; Hudson, Young, et al., 2008).
In the Rayleigh approximation, simple analytic expressions can be derived for the scattering and absorp-
tion cross sections of randomly oriented idealized particles shapes (such as disks, needles, and ellipsoids).
The extinction predicted by assuming a continuous distribution of ellipsoids (CDEs), in which all geomet-
ric shape factors are equally probable, provides a much improved fit to the infrared extinction of crystalline
and amorphous silica particles than Mie theory (Bohren & Huffman, 1983; Hudson, Young, et al., 2008; Reed
et al., 2017).

Despite the importance of the optical properties of volcanic ash, experimental measurements, over the wave-
length range relevant to atmospheric radiative transfer, are extremely limited. In many cases, refractive index
data for volcanic pumice determined by Volz (1973), or data for volcanic rocks measured by Pollack et al.
(1973), are assumed. This paper presents the mass extinction coefficients (MEC), at 0.33–19 μm, and aerolized
size distributions of eight volcanic ash samples dispersed in nitrogen gas, measured using a newly devel-
oped apparatus detailed in Reed et al. (2017). Additionally, the complex refractive indices of the samples are
retrieved from the measured extinction and size distributions, assuming the Rayleigh CDE scattering model.

The paper is structured as follows. Section 2 briefly reviews the experimental apparatus and method. The
volcanic ash samples are detailed in section 3. The results for the mass extinction coefficient with uncertainty
and size distribution of the samples are presented in section 4. In section 5 the theory of the retrieval of the
complex refractive index from extinction data is discussed, including the choice of scattering model and the
Lorentz formulation for the complex refractive index. In section 6, it is shown that the Rayleigh CDE scattering
model significantly outperforms Mie theory in retrievals of the complex refractive index of crystalline and
amorphous silica particles, by comparing to literature values. Assuming that the nonspherical silica particles
provide a good analogue of volcanic ash, in section 7 results are presented for the complex refractive index
of the volcanic ash samples retrieved from the measured extinction and size distributions, using the Rayleigh
CDE scattering model. In section 8 conclusions and future work are outlined.

2. Overview of Experimental Method

Previous mass extinction and size distribution measurements of high-purity crystalline and amorphous silica
samples were presented in Reed et al. (2017); the same experimental apparatus and an identical method-
ology were applied to the eight volcanic ash samples detailed in this paper. In brief, the ash particles were
dispersed in Nitrogen gas and passed into a 75 L aerosol cell, in which spectral extinction measurements were
performed using two optical systems (The aerosol cell has been described in detail in McPheat et al., 2001.):
a Fourier transform spectrometer (FTS) in the infrared (operating at a resolution of 1.9 cm−1) and two diffrac-
tion grating spectrometers covering visible and ultraviolet wavelengths (with resolutions of <1.5 nm). The
combined spectral range of the extinction measurements was 0.33–19 μm. The particle size distribution was
measured concurrently using a scanning mobility particle sizer (SMPS), covering particle radii in the range
0.005 < r < 0.44 μm using 44 logarithmically spaced size bins, and an optical particle counter (OPC), covering
0.15 < r < 10 μm using 14 logarithmically spaced size bins. Direct mass loading filter measurements were
made, allowing the size distributions to be accurately calibrated and providing a high level of confidence in
the mass of aerosol per unit volume within the aerosol cell.
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Table 1
The Volcanic Ash Samples

Volcano Eruption date Bulk SiO2 wt %

Eyjafjallajökull (a) 5/2011 58.48

Eyjafjallajökull (b) 5/2011 58.03

Askjaa 1875 layer C 70.65

Nisyrosb unknown 69.67

Tongariro 11/2012 59.36

Grimsvötn 5/2011 49.13

Aso 1993 52.55

Spurrc 8/1992

Note. Where possible, references describing how the samples were col-
lected and processed have been included.
aSparks et al. (1981). bLongchamp et al. (2011). cHarbin et al. (1995).

H2O and CO2 gas absorption lines were removed from the extinction
spectra, leaving the aerosol extinction component only, by performing
gas concentration retrievals using the Reference Forward Model (RFM)
(Dudhia, 2017); the in-cell relative humidity could then be determined from
the retrieved concentration of H2O. For a detailed description of the appa-
ratus, experimental method, and the data analysis used to determine the
aerosol mass extinction coefficient with uncertainty and size distribution of
particles, the reader is referred to Reed et al. (2017).

3. The Volcanic Ash Samples

The eight ash sample used in this work are detailed in Table 1. Previous
measurements of the shortwave refractive indices and composition of the
samples have been presented in Ball et al. (2015) and Reed (2017). The sam-
ples were chosen to include a representative range of SiO2 contents. The
SiO2 contents given in Table 1 were determined using XRF analysis on the
bulk samples; the extent to which this is representative of the very fine
fraction measured within the aerosol cell may vary.

4. Mass Extinction Coefficients, Size Distributions, and the In-Cell Relative
Humidity

The mass extinction coefficient (MEC), kext (units: m2 g−1), is related to the volume extinction coefficient, 𝛽ext

(units: m−1), and the mass of aerosol per unit volume, 𝜌a, according to

kext(𝜆) = 𝛽ext(𝜆)
𝜌a

. (1)

The mass of aerosol per unit volume was determined from a mass loading filter measurement. The volume
extinction coefficient was determined from the measured aerosol transmittance, Ta(𝜆), according to

𝛽ext = −
ln
(

Ta

)
x

(2)

where is x is the path length of the optical system (x = 3.52 m for the FTS measurements and x = 0.427 m for
the shortwave measurements).

Figure 1 shows the results for the MEC of the eight ash samples with uncertainty. The extinction curves
generally show a decrease of extinction with wavelength (0.33–7 μm). The decreasing trend is caused by
the reduction in scattering efficiency as the particle size becomes smaller than the wavelength of the inci-
dent light. At larger wavelengths (>7 μm) vibrational bands become significant resulting in regions of high
extinction due to the absorption of radiation energy within the particles.

In the infrared, all of the samples show a broad absorption feature from approximately 8–12 μm; this feature
results from T–O− vibrations, where T indicates fourfold coordinated cations predominately Si4+, Al4+, and
Fe3+ (Di Genova et al., 2015). Between the samples there is considerable variation in both the height and
breadth of the feature. The peak MEC values, in the infrared, vary from 0.59 ± 0.13 m2 g−1 (at 9.90 μm) for
Mount Spurr ash to 1.21 ± 0.065 m2 g−1 (at 9.58 μm) for the Grímsvötn ash sample. The location of the peak
also varies from 9.09 μm for the Nisyros ash to 9.90 μm for the Mount Spurr ash.

Figure 2 shows the results for the in-cell size distribution of the ash samples. The size distributions were calcu-
lated as detailed in Reed et al. (2017), with the dilution between the aerosol cell accurately calibrated using a
mass loading filter measurement. A dynamic shape factor of 𝜒 = 1.0 was assumed for all of the ash samples;
this is consistent with measurements of similarly sized silica particles performed by Hudson, Young, et al.
(2008). It can be seen that there is good agreement between the SMPS and OPC in their overlap region. The
SMPS and OPC data were combined into a single size distribution for use in the refractive index retrievals by
using SMPS data up to the instrument’s largest size bin and using OPC data for larger radii. Table 2 details val-
ues of the effective radius, re, determined from the in-cell size distributions (The effective radius, re, is defined
as the ratio of the third moment of the size distribution to the second moment of the size distribution.). It can
be seen that there is a considerable degree of variation in value of the effective radius, which vary from a value
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Figure 1. Results for the mass extinction coefficient (MEC) of the eight ash sample with one-sigma uncertainty indicated
in gray.

of 0.574 μm for the Aso ash to a value of 1.16 μm for Nisyros ash; these differences derive largely from dif-
ferences in the large-particle tail of the distributions which are not immediately apparent in the distribution
plots of Figure 2.

Table 2 shows results for various in-cell parameters. The concentrations of H2O and CO2 gases, in parts per
million by volume (ppmv), were determined from gas line retrievals using the RFM (Dudhia, 2017); the concen-
tration of H2O and the in-cell pressure was used to determine the in-cell relative humidity, RH. Additionally,
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Figure 2. The in-cell size distributions of the eight ash samples. The SMPS measurements are plotted in red, while the
OPC measurements are shown in black. The plots show dN∕dlnr where N has units of particles per cm3.

the mass of aerosol per unit volume, 𝜌a, with uncertainty, determined from the mass loading filter measure-
ment and accurate filter flow rate measurements. For a detailed account on how these parameters were
determined, see Reed et al. (2017).

5. Retrieval of the Complex Refractive Index: Theory
5.1. The Choice of Scattering Model
A scattering theory is required to model the extinction produced by the aerosol particles. The volume
extinction coefficient, 𝛽ext, can be expressed as follows:

𝛽ext = ∫
∞

0
𝜎extn(r)dr, (3)

where n(r)dr is the number of particles per unit volume with radii between r and r+dr, and𝜎ext is the extinction
cross section which, in general, is a function of the particle complex refractive index, m(𝜆) = n+i𝜅, the particle
size parameter, x = 2𝜋r∕𝜆, and the particle shape. The extinction cross section can be expressed in terms of
the absorption and scattering cross sections:

𝜎ext = 𝜎abs + 𝜎sca. (4)

Table 2
In-cell Parameters: The Mass of Aerosol Per Unit Volume, 𝜌a; The Effective Radius, re, of Particles; The Retrieved Concentrations
of CO2 and H2O; and the Relative Humidity

Sample 𝜌a (×10−2 g m−3) Effective radius (μm) CO2 (ppmv) H2O (ppmv) RH (%)

Eyjafjallajökull (a) 5.85 ± 0.13 0.856 261 ± 4 684 ± 1 0.276

Eyjafjallajökull (b) 5.58 ± 0.14 0.758 242 ± 4 502 ± 1 0.202

Askja 4.43 ± 0.14 1.04 257 ± 1 637 ± 1 0.257

Nisyros 5.83 ± 0.14 1.16 230 ± 4 464 ± 1 0.187

Tongariro 4.93 ± 0.09 1.05 255 ± 5 543 ± 1 0.219

Grimsvötn 3.17 ± 0.11 1.10 256 ± 3 467 ± 1 0.188

Aso 8.41 ± 0.09 0.574 243 ± 6 484 ± 1 0.195

Spurr 3.49 ± 0.35 0.612 157 ± 4 417 ± 1 0.168
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Mie theory describes the exact solution to the electromagnetic scattering produced by a sphere. The Mie
extinction cross section is expressed in terms of the infinite series:

𝜎ext
Mie = 𝜆2

2𝜋

∞∑
n=0

(2n + 1)Re
[

an(m, x) + bn(m, x)
]
, (5)

where an(m, x) and bn(m, x) are the scattering coefficients that depend on the complex refractive index and
the size parameter and are expressed in terms of the Ricatti-Bessel functions.

It has been found that assuming spheres and using Mie theory poorly models the infrared extinction features
of fine crystalline and amorphous silica particles, and the Rayleigh CDE model provides much improved fits
to experimental data (Bohren & Huffman, 1983; Hudson, Young, et al., 2008; Reed et al., 2017). In the Rayleigh
approximation (x ≪ 1), it can be shown that the absorption and scattering cross sections for a continuous
distribution of ellipsoids (CDE), in which all shape factors are equally probable, can be expressed as (Bohren
& Huffman, 1983; Min & Hovenier, 2003)

𝜎abs
CDE = k V Im

[
2m2

m2 − 1
ln
(

m2
)]

, (6)

𝜎sca
CDE =

k4 V2 ||m2 − 1||
3𝜋 Im (m2)

Im

[
2m2

m2 − 1
ln
(

m2
)]

, (7)

where k = 2𝜋∕𝜆 is the wave number, V = 4
3
𝜋r3

ve is the volume of particles, and ln(z) denotes the principle
logarithm of z.

5.2. The Lorentz Formulation of the Complex Refractive Index
The retrieval problem is underconstrained because at each wavelength there is one measurement of
extinction and two unknowns: the real and the imaginary refractive index. One possibility is to use the
Kramers-Kronig (KK) relation between the real and imaginary refractive index (Bohren & Huffman, 1983):

n(𝜔) − 1 = 2
𝜋

P ∫
∞

0

Ω𝜅(𝜔)
Ω2 − 𝜔2

dΩ (8)

where 𝜔 is the angular frequency of light (𝜔 = 2𝜋c∕𝜆) and P is the principle value of the Cauchy integral. The
KK relation allows the real refractive index to be determined from the imaginary refractive index and vice versa;
thus, the retrieval problem becomes well constrained. However, the practical application of the KK relation
poses problems because the integral requires 𝜅 (or n) to be known over an infinite angular frequency interval.

As outlined in Thomas et al. (2005), a convenient approach is to use the Lorentz harmonic oscillator model of
the electric susceptibility; the model guarantees that the KK relation is obeyed. The Lorentz model expresses
the real and imaginary parts of the electric susceptibility, 𝜖r and 𝜖i, in terms of J oscillators (or bands):

𝜖r(𝜔) = 𝜖∞ +
J∑

j=1

Sj

(
𝜔2

j − 𝜔2
)

(
𝜔2

j − 𝜔2
)2

+ 𝛾2
j 𝜔

2
j

, (9)

𝜖i(𝜔) =
J∑

j=1

Sj𝛾j𝜔(
𝜔2

j + 𝜔2
)2

+ 𝛾2𝜔2
j

, (10)

where𝜔j is the resonant angular frequencies of the bands, Sj is the band strength parameters, 𝛾j is the damping
constants, and 𝜖∞ is the electric susceptibility in the short-wavelength (high-frequency) limit. The real and
imaginary parts of the refractive index can be expressed in terms of 𝜖r and 𝜖i:

n(𝜔) =
{1

2

[√
𝜖r(𝜔)2 + 𝜖i(𝜔)2 + 𝜖r(𝜔)

]}1∕2
, (11)

𝜅(𝜔) =
{1

2

[√
𝜖r(𝜔)2 + 𝜖i(𝜔)2 − 𝜖r(𝜔)

]}1∕2
. (12)

In order to constrain the value of 𝜖∞ within the retrievals, reference values for the complex refractive index of
the ash samples at 450.0 nm were used. The values used for the shortwave reference refractive indices were
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Figure 3. The complex refractive index of high-purity crystalline and amorphous silica samples retrieved from their mass
extinction coefficients and size distributions. The retrieval results are shown using two different scattering models: Mie
theory (green) and the Rayleigh CDE model (red). Literature values of the complex refractive index are shown in black.

published in Ball et al. (2015) and Reed (2017); the earlier work used identical ash samples to those detailed
in this paper and determined their complex refractive index at visible wavelengths. The reference values are
used to constrain 𝜖∞ by noting that

𝜖r = n2 − 𝜅2, (13)

such that

𝜖∞ = n2
Ref − 𝜅2

Ref −
J∑

j=1

Sj

(
𝜔2

j − 𝜔2
Ref

)
(
𝜔2

j − 𝜔2
Ref

)2
+ 𝛾j𝜔

2
Ref

, (14)

where nRef and 𝜅Ref are the real and imaginary parts of the reference refractive index, and 𝜔Ref is the angular
frequency of these measured values.

The approach of using measured values of the shortwave complex refractive index to constrain 𝜖∞ has sig-
nificant advantages over other work. For example, Di Biagio et al. (2014) resorted to manually adjusting 𝜖∞.
Relatively small adjustments to 𝜖∞ can lead to significant changes in the retrieved infrared band parameters,
necessitating the use of independently measured shortwave refractive indices.

6. Retrieval Verification: Silica Aerosol

The mass extinction and size distribution measurements used for the silica verification retrievals were
presented in Reed et al. (2017). Following the retrieval approach outlined in Thomas et al. (2005), the
Levenberg-Marquardt method was used to search for the set of band parameters that best fit the experimental
extinction spectra, keeping the measured size distribution of particles fixed within the retrievals and using the
reference shortwave refractive indices to constrain 𝜖∞ according to equation (14) (See, e.g., Rodgers, 2000.).

Separate retrievals were performed using two scattering models: Mie theory (for spherical particles) and the
Rayleigh CDE model. The retrievals were performed over the wavelength range 7–15 μm and were initialized
using 367 bands evenly spaced by wave number. The retrievals were restricted to wavelengths 7–15 μm for
the following reasons: at wavelengths >15 μm the measurement uncertainty increased to levels comparable
to the measured extinction; at wavelength<7μm the Rayleigh approximation for the particles begins to break
down (Reed et al., 2017); and finally, aerosol absorption bands are not expected in the shortwave.

Figure 3 shows the results for the retrieved complex refractive index of particles (determined from the
retrieved band parameters) using the two scattering models; the Mie retrieval is shown in green, while the
Rayleigh CDE retrieval is shown in red. Plotted in black are literature values of the complex refractive indices:
for amorphous silica the values measured by Kischkat et al. (2012) are shown; for crystalline silica the weighted
averages of the ordinary and extraordinary components, m = 2

3
mo + 1

3
me, determined by Kleinman and

Spitzer (1962) are shown.
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It can be seen that for both the crystalline and amorphous samples, the CDE retrieval compares remarkably
well with the literature values, while the Mie retrieval produces refractive index features that are significantly
shifted toward larger wavelengths compared to the literature values. For the amorphous case, the R2 value
between the literature refractive index and the Mie retrieval are 0.80 and 0.76 for the real and imaginary parts;
this compares to values of 0.95 and 0.94 for the CDE model. For the crystalline case, R2 values are 0.25 and 0.21
for the real and imaginary parts of the Mie retrieved refractive index compared to literature values; while the
values for the CDE retrieval are 0.91 and 0.92. These results should come as no surprise, given that the CDE
model is known to significantly outperform Mie theory in forward modeling the extinction spectra of silica
particles (Bohren & Huffman, 1983; Hudson, Young, et al., 2008; Reed et al., 2017). The results clearly demon-
strate that refractive indices derived from extinction spectra assuming Mie scattering must be treated with a
great deal of caution when the particles are known to have a significant degree of nonsphericity. Furthermore,
band features shifted to longer wavelengths appear to be characteristic of failing to account for spherical
effects. For example, the peak in the retrieved imaginary refractive index of amorphous silica determined
assuming Mie scattering is shifted to longer wavelengths by 0.65 μm compared to the CDE value.

7. Ash Complex Refractive Index Results and Discussion

Based on the results for silica aerosol presented above, and assuming that amorphous silica provides a good
analogue of volcanic ash, the Rayleigh CDE model was applied to retrieve the complex refractive index of
the ash samples. Volcanic ash has silica content varying from 50 to 75% (Cashman & Rust, 2016); the silica
is quenched within amorphous fragments of volcanic glass. While amorphous silica consists of disordered
networks of SiO4 tetrahedra, volcanic glass consists predominately of disordered networks of TO4 tetrahedra
(where T indicates fourfold coordinated cations, mainly Si4+, Al3+, and Fe3+). Given these molecular and struc-
tural similarities, it may not be unreasonable to assume that volcanic ash fragments have similar properties
to amorphous silica fragments, including shape. Furthermore, scanning electron microscopy (SEM) images of
silica and quartz particles (Balduzzi et al., 2004; Veghte et al., 2016) show similar irregular particle shapes to
SEM images of volcanic ash fragments (Gislason et al., 2011).

Figure 4 shows the results for the retrieved complex refractive index of the samples. There is a considerable
variation in the retrieved refractive indices between the samples, although some spectral regions have higher
variability than others. The peak in the imaginary refractive between 8–12 μm results from the absorption of
radiation energy exciting T–O−1 vibrations (where T indicates fourfold coordinated cations); these vibrations
also cause the minima followed by maxima seen in the real refractive indices of the samples. From 8 to 9 μm
there is relatively little variation in the imaginary refractive index between the samples, while at larger wave-
lengths the variability increases. The peak in the imaginary refractive index of the samples varies from a value
of 0.64 for the Mount Tongariro ash to a value of 1.05 for the Eyjafjallajökull (b) ash sample. The location of
the peak varies from 9.09 μm for Mount Tongariro ash to 9.99 μm for Grímsvötn ash. There is also consider-
able variation in the breadth of the peak, with Grímsvötn ash showing the broadest feature and Mount Aso
ash displaying the narrowest peak.

The retrieved imaginary refractive index of the two Eyjafjallajökull samples is almost identical up to approxi-
mately 11 μm but differs slightly at larger wavelengths. The real refractive index of the two samples is similar;
however, Eyjafjallajökull (b) is slightly lower than sample (a). Although SEM Bulk compositional analysis of
the samples shows similar compositions, with Eyjafjallajökull (a) and (b) having SiO2 contents of 58.48 and
58.03 wt %, these measurements were performed on the bulk sample rather than the very fine component
measured in the aerosol cell. It is therefore still possible that there was some variation in the composition of the
fine fraction of the samples. However, it is also possible that uncertainties in the measured size distributions
may have played a role in the differences. In order to investigate the sensitivity of retrieved complex refractive
index to uncertainty in the measured size distribution a Monte Carlo analysis was performed. A Gaussian ran-
dom error of 5% was added to each bin of the size distribution, the retrieval of complex refractive index using
the CDE model was performed and this process was repeated 50 times (the analysis was performed using the
Aso ash experimental data). The standard deviation in values of the retrieved refractive index was found to
be less than 0.02 (approximately 2%) for the real part and less than 0.03 (approximately 4%) for the imagi-
nary part, in the wavelength range 7–13 μm. Although the sensitivity to random error in the size distribution
is relatively low, it is possible that systematic errors were more significant. The scattering component of the
extinction is particularly sensitive to the large-particle tail of the distribution measured by the OPC. The OPC
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Figure 4. The complex refractive indices of the ash samples retrieved from their extinction spectra and size
distributions, assuming the Rayleigh CDE scattering model.

uses Mie theory to invert the measured scattered intensity at 780 nm to determine particle radius. Therefore,
nonspherical scattering effects will introduce systematic error into the distribution returned by the OPC.

A significant assumption of the approach adopted is that the Rayleigh CDE model provides a good description
of the nonspherical scattering of very fine volcanic ash particles; this was motivated by the results for silica
aerosol where the CDE model significantly outperformed Mie theory in retrieving the complex refractive index
(as judged by comparing to literature refractive indices). However, it is quite possible that the shape of the
ash particles varied between the samples and source volcanoes, and these differences would not be reflected
by the scattering model. More work is required to investigate the nonspherical light scattering properties of
volcanic ash particles and to determine the associated uncertainties in the retrieval of the complex refractive
index from extinction data when a particular scattering model is assumed.

8. Conclusions and Suggested Future Work

This paper presents the mass extinction coefficients, at 0.33–19 μm, and size distributions of eight volcanic
ash samples, measured using newly developed apparatus detailed in Reed et al. (2017). The complex refractive
indices of the samples have been retrieved from the extinction and size distribution measurements, assuming
the Rayleigh CDE scattering model. The choice of scattering model was motivated by verification retrievals
performed on high-purity silica aerosol; the Rayleigh CDE model significantly outperformed Mie theory in
retrieving the complex refractive index, evaluated by comparing to literature values. The results for the com-
plex refractive index of the samples show considerable variation between the samples, which highlights the
importance of accurate refractive index data when modeling radiative transfer within ash clouds.

Although there was considerable variation in values of the peak imaginary refractive index and in the breadth
of the feature associated with T–O−1 vibrations, the variability was much lower in the spectral region 8–9 μm
compared to longer wavelengths. It appears that the imaginary refractive index is less sensitive to differences
in composition between 8 and 9 μm. This region might therefore be useful in remote sensing applica-
tions, for example, in determining the columnar concentration of ash when its refractive index is unknown.
Furthermore, the region 9–12 μm has high variability and might be useful in providing information about the
composition of the samples from remote sensing measurements.

The Lorentz formulation was used to represent the complex refractive index of the samples; the approach
provides a convenient way to parameterize the retrieved refractive index, ensuring it is consistent with the
Kramers-Kronig relation and reducing the number of retrieved parameters so that the retrieval problem is no
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longer underconstrained. Reference values for the complex refractive indices of the ash samples in the visible,
presented in Ball et al. (2015) and Reed (2017), were used to constrain the value of 𝜖∞. This approach represents
a significant improvement over work by others where the value has been manually adjusted, because small
adjustments to 𝜖∞ can cause changes in the retrieved infrared bands.

As presented in section 6, the differences between the retrieved refractive index of silica, when the Rayleigh
CDE model is used compared to when Mie theory is assumed, are significant. The results demonstrate that fail-
ing to account for nonspherical scattering effects can have a significant impact on refractive indices retrieved
from extinction spectra; it appears that retrieved infrared bands that are shifted toward longer wavelengths
are characteristic of such a failure. More work is required to quantify the uncertainties in refractive indices
derived from extinction spectra resulting from shape assumptions in the scattering model.

A significant hypothesis of the work presented in this paper is that the Rayleigh CDE model provides a good
approximation to the nonspherical scattering of the very fine component of the volcanic ash that was mea-
sured in the aerosol cell. This hypothesis was supported by the silica results and the assumption that the silica
particle provides a good analogue of volcanic ash; SEM images of volcanic ash and silica particles qualita-
tively show similarities, with highly irregular particle shapes. However, it is quite possible that the shape of
the ash fragments varied between the samples, perhaps due to differences in the volcanic fragmentation pro-
cess; these differences would not be reflected by the scattering model. Further work is needed to investigate
the nonspherical scattering properties of volcanic ash fragments, investigating which models most accurately
forward model bulk optical properties such as the extinction coefficient.

The applicability of the Rayleigh CDE model is limited to particles that are small compared to the radiation
wavelength; the Rayleigh approximation held for the particles measured in the aerosol cell and presented in
this paper but might not hold for similar measurements on larger particles. It is possible that T-matrix methods
(Mishchenko et al., 1996; Waterman, 1971), applying a distribution of spheroidal shapes, might be an appropri-
ate approximation for larger particles; the approach is used within the remote sensing of atmospheric desert
dust (Dubovik et al., 2006; Mishchenko et al., 1997) and can match light scattering data of a range of nonspher-
ical components of mineral dust including silica particles (Kleiber et al., 2009; Nousiainen et al., 2006; Reed
et al., 2017). However, the T-matrix calculations can fail to converge for large and highly eccentric particles
(Mishchenko & Travis, 1998), which may pose problems in the application to larger volcanic ash particles.
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