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a b s t r a c t
Simultaneous measurements were made of the spectral extinction (from 0.33–19 μm) and particle size
distribution of silica aerosol dispersed in nitrogen gas. Two optical systems were used to measure the
extinction spectra over a wide spectral range: 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. The measurements were applied to one amorphous and two crsystalline silica (quartz) samples. In the infrared
peak values of the mass extinction coeﬃcient (MEC) of the crystalline samples were 1.63 ± 0.23 m2 g−1
at 9.06 μm and 1.53 ± 0.26 m2 g−1 at 9.14 μm with corresponding effective radii of 0.267 and 0.331 μm,
respectively. For the amorphous sample the peak MEC value was 1.37 ± 0.18 m2 g−1 at 8.98 μm and the effective radius of the particles was 0.374 μm. Using the measured size distribution and literature values of
the complex refractive index as inputs, three scattering models were evaluated for modelling the extinction: Mie theory, the Rayleigh continuous distribution of ellipsoids (CDE) model, and T-matrix modelling
of a distribution of spheroids. Mie theory provided poor ﬁts to the infrared extinction of quartz (R2 <
0.19), although the discrepancies were signiﬁcantly lower for Mie theory and the amorphous silica sample (R2 = 0.86). The CDE model provided improved ﬁts in the infrared compared to Mie theory, with
R2 > 0.82 for crsytalline sillica and R2 = 0.98 for amorphous silica. The T-matrix approach was able to
ﬁt the amorphous infrared extinction data with an R2 value of 0.995. Allowing for the possibility of reduced crystallinity in the milled crystal samples, using a mixture of amorphous and crystalline T-matrix
cross-sections provided ﬁts with R2 values greater than 0.97 for the infrared extinction of the crystalline
samples.
© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Atmospheric aerosols directly affect the Earth’s radiative balance, across the electromagnetic spectrum from the infrared (IR)
to the ultraviolet (UV), by scattering and absorbing solar radiation as well as absorbing and emitting infrared radiation [1,2]. Atmospheric aerosols also affect the climate indirectly by acting as
ice and cloud condensation nuclei [3,4] and by providing catalytic
surfaces for heterogeneous chemical reactions [5]. Uncertainties in
∗
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quantifying the direct and indirect effects of aerosols on radiative
forcing are two of the largest contributions to the uncertainty in
predicting future climate change [6].
Atmospheric mineral dust has a signiﬁcant impact on the
Earth’s climate [6]. Between 10 0 0–30 0 0 Mt of wind blown dust
enters the atmosphere annually [7], largely from arid and semiarid regions located in a broad band that stretches from the west
coast of North Africa, through the Middle East, to Central Asia
[8]. The Sahara is the largest emission source, at an estimated
670 Mt yr−1 , generating the largest atmospheric mass loading of
mineral dust aerosol [9]. Strong winds and convection from surface heating uplift mineral dust particles into the troposphere, at
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which point atmospheric circulation can transport the dust on intercontinental scales [10–13], reaching as far as Northern Europe
and South America [14,15].
Silicon dioxide (silica) is the most abundant oxide in the Earth’s
crust comprising an estimated 12% by volume [16]. Naturally occurring silica is found in the form of crystalline alpha-quartz which
has a regular structure of SiO4 tetrahedra. Quartz is a major externally mixed constituent of wind blown mineral dust, although its
percentage by mass in atmospheric dust samples has been found
to vary signiﬁcantly by location [17,18].
Silica is also a major internally mixed constituent of volcanic
ash, which has silica content varying from 50–75% [19,20]. Even
moderately sized volcanic eruptions can inject many hundreds of
megatonnes of volcanic ash into the troposphere and stratosphere,
following which the plume can be transported thousands of kilometres posing signiﬁcant risk to aviation [21–23]. The 2010 Eyjafjallajökull volcanic eruption injected approximately 380 Mt of
ash into the atmosphere [24] and is estimated to have cost the
global economy US $ 5 bn [25,26] resulting from six days of European airspace closure as the ash plume propagated downwind.
The silica within volcanic ash is mainly quenched into fragments of
amorphous volcanic glass, which consists of disordered networks
of SiO4 tetrahedra interconnected with other minerals [27]. The
strong infrared absorption feature of volcanic ash at 8–12μm, attributable to T—O− vibrations (where T indicates fourfold coordinated cations, predominately Si4+ , Al4+ and Fe3+ ) [28], is widely
exploited for rapid ash detection using satellites and other remote
sensing instruments [29,30]. For example, large negative brightness temperature differences between 10 and 12μm channels are
used by nadir imaging instruments to indicate the presence of
ash [31].
The scattering and absorption of radiation produced by aerosol
particles depend on the particles’ size distribution, complex refractive index and shape distribution [32]. A large component of
the uncertainty in modelling the effect of aerosols on atmospheric
radiative transfer comes from uncertainty in assumptions about
these parameters and the untangling of their individual effect on
bulk optical properties such as the volume extinction coeﬃcient
and phase function; these uncertainties propagate to uncertainties in remote sensing of aerosols and radiative forcing calculations
[33–35].
A scattering theory is required to determine the bulk optical
properties from the size distribution, complex refractive index and
shape distribution of the particles. In many applications the particles are assumed to be spheres, and Mie theory is used. The extinction produced by irregularly shaped mineral dust particles, including near to their infrared absorption features, is not well modelled
by assuming spheres [36]. Signiﬁcant errors are introduced when
Mie scattering is assumed for remote sensing retrievals and climate
forcing calculations [37,38]. In the Rayleigh approximation, simple
analytic expressions can be derived for the scattering and extinction cross sections of randomly oriented idealized particle shapes
(such as disks, needles and ellipsoids). The extinction predicted by
assuming a continuous distribution of ellipsoids (CDE), in which
all geometric shape factors are equally probable, provides a much
improved ﬁt to the infrared extinction of silica particles than Mie
theory [32].
Substantial theoretical progress has been made in modelling
the light scattering of non-spherical atmospheric aerosols. The
discrete dipole approximation [39,40] and the ﬁnite difference
time domain [41,42] methods have been applied to non-spherical,
inhomogeneous particles. However, these techniques are highly
computationally expensive, limiting their applicability to relatively
small particles. T-matrix methods are widely used to model the
scattering of irregularly shaped atmospheric aerosols [43,44]. The
spheroid approximation is commonly applied within the T-matrix

53

calculations because the orientational averaging is greatly simpliﬁed, reducing computational expense. The spheroid approach
has been shown to provide more ﬂexibility in matching the scattering of mineral dust compared to polyhedral prisms, and performs well compared to many other scattering models at matching
light scattering data [45]. T-matrix methods, using a distribution of
spheroids, have been applied to model climate forcing and within
mineral dust remote sensing retrievals [46–48].
Despite the importance of the optical properties of solid atmospheric aerosol particles there are relatively few experimental
measurements of these properties over the full spectrum relevant
to atmospheric radiative transfer. This paper details a newly developed experimental technique and apparatus capable of accurately measuring the spectral extinction and size distribution of
solid aerosol particles suspended in nitrogen gas. Two optical systems were used, covering wavelengths from the UV through to
the IR (0.33–19 μm) and providing high spectral resolution (1.9
cm−1 in the IR and < 1.5 nm in the shortwave). Simultaneously,
the size distribution of particles was measured and ﬁlter samples suitable for scanning electron microscope (SEM) imaging were
taken, allowing a full microphysical analysis of the particles. Previous high-quality laboratory measurements of the spectral extinction and size distribution of solid aerosol particles have been performed by [49–51]. These earlier measurements were limited to
infrared wavelengths and were performed at the lower resolution
of 8 cm−1 . Previous broadband extinction measurements of quartz
aerosol have been performed by [52], however the particles’ size
distribution was not measured concurrently in this work.
This paper presents measurements applied to three high purity
silica samples. The experimental apparatus and method have been
signiﬁcantly adapted from previous experiments on black carbon,
presented in [53]. The motivation for the silica measurements is
twofold. Firstly, silica is a major component of mineral dust and
volcanic ash, both of which are important atmospheric aerosols.
Secondly, the complex refractive indices of amorphous and crystalline silica are well documented in the literature, allowing the
experimental extinction data to be evaluated against various scattering models (using the measured size distribution as an input),
and allowing an assessment of the accuracy of the experimental
method.
The paper is organised as follows. In Section 2 the experimental method and apparatus are outlined, and details about the three
silica samples are provided. In Section 3 the analysis of the experimental data is detailed and results for the size distribution and the
spectral mass extinction coeﬃcient, with uncertainty, of the samples are presented. In Section 4, three scattering models — Mie
theory, the Rayleigh CDE model, and T-matrix methods applying
a distribution of spheroids are described. The modelled extinction
using each theory, taking literature values of the complex refractive index of silica and the measured size distribution as inputs, are
compared to the experimental extinction data. In Section 5 conclusions and planned future work are described.
2. Method
2.1. Overview of experimental setup
Experiments were performed at Rutherford Appleton Laboratory’s Molecular Spectroscopy Facility (RAL-MSF). The samples
were dispersed in nitrogen gas and passed into a 75 l aerosol cell
chamber; the aerosol cell has been described in detail in [54]. Inside the cell, the optical extinction of the aerosol was measured at
infrared wavelengths using a Fourier transform spectrometer, concurrent to ultraviolet and visible (VIS) extinction measurements
made by two diffraction grating spectrometers. Upon leaving the
cell, the size distribution of particles was measured by a scanning
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Fig. 1. The experimental apparatus used to supply the aerosol cell with a nearconstant number density of dispersed aerosol. The abbreviations are as follows.
HEPA — high-eﬃciency particulate arrestance ﬁlter. EMMS — Electro-Medical Measurements Systems. WDF — Wright dust feeder. TPM — total particulate monitoring
system. MFC — mass ﬂow controller. V — valve.

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 < 10μm using
14 logarithmically spaced size bins.

Fig. 2. The optical setup within the aerosol cell. The abbreviations are deﬁned as
follows. CCD — charge coupled device. FTS — Fourier transform spectrometer. DTGS
— deuterated triglycine sulphate detector.

2.2. Aerosol dispersal and ﬂow conﬁguration

2.3. Optical measurements

Fig. 1 shows the apparatus used to supply a near-constant number density of dispersed aerosol to the cell. The samples were dried
for several hours at 90 °C to remove any moisture and were compacted into the Wright dust feeder (WDF) sample cup using a hydraulic press. The samples were dispersed using the WDF manufactured by Electro-Medical Measurement Systems (EMMS). A Peak
Scientiﬁc generator supplied nitrogen gas to the WDF. The WDF
used a rotating blade to remove a thin layer from the surface of
the compacted sample which is added to the gas ﬂow. A Venturi
tube within the WDF acted to separate the sample into individual particles. After passing vertically down through the Venturi the
ﬂow passed a 90° bend to the horizontal, removing > 80 % particles larger than 10 μm into a grit pot.1 The EMMS total particulate
monitoring transducer (TPM) was used to monitor output from the
WDF and once a steady rate of aerosol was observed the aerosol
was passed into the aerosol cell by opening valve V1.
Three mass ﬂow controllers (MFCs) provided additional nitrogen gas to the cell. MFC3 allowed additional aerosol dilution. MFC2
provided a constant purge to the cell windows and optical mirrors,
preventing aerosol contamination. MFC1 controlled a turbulent jet
ﬂow used to ensure uniform aerosol mixing within the cell.
During experiments, once the TPM observed a constant WDF
output, valves V1–V4 would be open and valve V5 closed. All
other valves shown in Fig. 1 were open. The total ﬂow provided
by MFC1–MFC3 was less than the WDF ﬂow ensuring the aerosol
ﬂow passed through valve V1 and exited through valve V4. The optical and sizing instruments were set to make continuous repeat
measurements throughout the experiment. Once the experiment
was complete the cell was completely purged of aerosol by closing
valves V1 and V4, opening valve V5 and increasing the ﬂows provided by MFC1–MFC3 so that remaining aerosol exited via valve
V5 to a fume cupboard.

The aerosol extinction was measured using two separate optical
systems within the cell. Fig. 2 shows a horizontal cross section of
the cell and demonstrates the two systems.
Measurements in the IR were made using a Bruker Vertex 80V
FTS operating at a resolution of 1.9 cm−1 . The FTS alternated between two sources: a globar (GB) and a halogen lamp (HL). The
FTS modulated the light before passing it into the cell; the returning light was measured using a deuterated triglycine sulphate detector. The GB working range was approximately 526–50 0 0 cm−1
(19–2.0μm), and the HL range was 667–80 0 0 cm−1 (15–1.25μm). A
White cell [56], consisting of three spherical concave mirrors, with
eight optical passes was used within the cell to increase the optical path to 3.52 m, allowing increased sensitivity to low concentrations of aerosol. During experiments the FTS continuously measured the light transmitted through the cell, alternating between
the GB and the HL source. Each FTS measurement took approximately one minute and comprised 68 complete scans of the interferometer’s moving mirror. There were four minutes between
successive GB or HL measurements, because of the time taken to
switch between sources and complete the interferometer’s mirror
scans.
In the UV and VIS a deuterium tungsten halogen source was
coupled to a collimator and the light was sent on a single pass
through the cell. The optical path was 0.427 m, perpendicular to
the IR measurements. Light transmitted through the cell was focused (using a lens with a focal length of 100 mm) into a bifurcated optical ﬁbre (with a diameter of 600μm) which split the
beam into optical ﬁbres passing to two Ocean Optics S20 0 0 CCD
diffraction grating spectrometers. The angle of acceptance of the
measurements was 0.35°, meaning the effect of forward scattering
contamination was negligible. One spectrometer was conﬁgured to
make measurements covering 200–850 nm at a resolution of 1.33
nm, whilst the second covered 530–1100 nm with a resolution of
1.17 nm. Both spectrometers were wavelength-calibrated to within
1 nm. During experiments the spectrometers made measurements
continuously at intervals of 20 s.

1

Estimated using the Particle Loss Calculator [55].
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rity of > 99.8 % and a quoted mass-weighted mean particle radius of 0.55μm. Sample B was crystalline alpha-quartz supplied by
The Quartz Corp (Lot 2154) and had a quoted purity of > 99.99 %.
Sample C was amorphous silica with product name ‘Fuselex WX’
supplied by Tatsumori Ltd (Lot 2K-3201) with a quoted SiO2 purity of > 99.98 % and a mass-weighted mean radius of 0.55μm. All
three samples were milled by their manufacturers to produce the
ﬁne particle powders. The amorphous sample was produced from
natural quartz through the application of heat followed by milling.
3. Analysis and results
Fig. 3. Aerosol sizing and sampling. FH — ﬁlter holder. MFM — mass ﬂow meter.
DDS — Dynamic Dilution System. OPC — optical particle counter. SMPS — scanning
mobility particle sizer.

2.4. Sizing and ﬁlter measurements
After leaving the cell the aerosol passed to a suite of sizing and
sampling instruments, shown in Fig. 3. The size distribution of the
aerosol was measured using an SMPS, consisting of a Grimm 5.5–
900 differential mobility analyser and Grimm 5403 Ultraﬁne Particle Counter, and a Grimm 1.108 OPC.
Before passing to the OPC and SMPS, the aerosol ﬂow passed
two stages of dilution. A capillary tube connected in parallel to a
Honeywell AWM5105 MFM provided a dilution of approximately
5: 1, and the Model 560 Dynamic Dilution System (DDS), manufactured by Topas GmbH, provided further dilution of 20: 1, giving
a combined dilution at the SMPS and OPC compared to the cell
of approximately 100: 1. This level of dilution was required to reduce particle concentrations to levels that could be accepted by the
SMPS and OPC. The precise level of dilution was determined from
the size distribution returned by the instruments and a mass loading ﬁlter sample measurement made within ﬁlter holder 1 (FH1).
Two simultaneous ﬁlter samples, at different levels of dilution,
were taken for each experiment. FH1 was loaded with a Merck
Millopore 47 mm diameter polycarbonate ﬁlter, which had pores
of radius 0.05μm. This ﬁlter sampled aerosol directly (without dilution) from the cell. The gas ﬂow rate through the ﬁlter was
recorded continuously using a Honeywell AWM3300 V mass ﬂow
meter (MFM). The mass of the ﬁlter was measured before the experiment using a micro-balance accurate to 0.0 0 01 g. The aerosol
number density within the cell reached a steady equilibrium approximately 15 min after valve V1 was opened and aerosol was
drawn into the cell; determined by monitoring for a constant cell
input number density measured by the TPM and cell output number densities measured by the sizing instruments. Once a nearconstant number density in the cell was attained, the ﬁlter exposure was started by opening valves V8 and V9 and closing valve V7.
The ﬁlters used a bypass system so that the ﬂow remained constant, e.g. whenever ﬁlter valves V8 and V9 were closed valve V7
would be open and vice versa. The start and end times of the exposure were recorded and ﬁlters were exposed for 60 min or until
the sample ran out. The mass of the loaded ﬁlter was then measured, so that the initial ﬁlter mass could be subtracted to determine the aerosol loading mass.
FH2 contained a Merck Millipore 47 mm polytetraﬂuoroethylene ﬁlter, and sampled the aerosol ﬂow after the ﬁrst level of
dilution. These ﬁlter samples were suitable for scanning electron
microscope imaging.
2.5. The samples
Three powdered silica samples were tested. Sample A was crystalline alpha-quartz with product name ‘Crystalite 5X’ supplied by
Tatsumori Ltd (Lot 3H-3110). The sample had a quoted SiO2 pu-

3.1. Radiance to mass extinction
The aerosol transmittance, T(λ), was determined from measuring background radiance spectra when the cell was empty,
Lb (λ), and measurement radiance spectra when the cell contained
aerosol, Lm (λ). The aerosol transmittance is related to the volume
extinction coeﬃcient, β ext (units: m−1 ), according to:



Lm ( λ )
= T (λ ) = exp −β ext (λ )x ,
Lb ( λ )

(1)

where 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 system). The
mass extinction coeﬃcient (MEC), kext (units: m2 g−1 ), is deﬁned
as:

kext (λ ) =

β ext (λ )
,
ρa

(2)

where ρ a is the mass of aerosol per unit volume.
Background radiance measurements were made by measuring
the empty cell for 30 minutes immediately before experiments
and for 30 minutes after the cell had been completely purged of
aerosol. The value of Lb could then be calculated by linearly interpolating the before and after background measurements to the
time of each aerosol measurement, in this way correcting for the
possibility of drift in the source radiance. The background drift was
< 1 % in all cases. The aerosol transmittance was calculated as the
mean of the repeated transmittance measurements over the ﬁlter
exposure period.
For the Ocean Optics shortwave measurements, 20 min of dark
current measurements were made with the spectrometer’s shutter
closed immediately before background measurements were performed. The dark current was then subtracted from both measurement and background radiances, before transmittance was calculated according to Eq. (1).
The uncertainty in the mean radiance measurements at each
wavelength, σ mean (λ), taking into account auto-correlation between successive measurements, was calculated according to the
formula detailed in [57]:

σ (λ )

σmean (λ ) = √

N



×



1 + w (λ )
,
1 − w (λ )

(3)

where σ (λ) is the unbiased standard deviation of radiance measurements at wavelength λ over the time period for which the
mean was calculated, N is the number of radiance measurements
during this period, and w(λ) is the Prais–Winsten estimate of the
auto-correlation. In spectral regions where the radiance measurements from different instruments overlapped, the measurements
were interpolated to a common grid and the uncertainty-weighted
mean was calculated. Uncertainties were propagated, using standard methods, to all subsequently derived quantities, and where
these calculations included other measured quantities (e.g. ρ a in
Eq. (2)) the associated uncertainties were combined using standard
error propagation formulae [58].
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ing instruments. The direct mass loading measurement made using
FH1 was used for this purpose. The in-cell aerosol mass per unit
volume, ρ a , could be calculated from the deposited ﬁlter mass,
MFH1 , according to:

ρa = MFH1 × QFH1 × tFH1

(6)

where QFH1 was the mean ﬂow rate passing through FH1 measured
continuously by the mass ﬂow meter (the ﬂow rate varied by less
than 1 % throughout experiments) and tFH1 was the ﬁlter exposure
time period.
The SMPS measures the electrical mobility radius, rem , of particles which is related to the volume equivalent radius, rve , according
to the equation detailed in [62]:

Fig. 4. Gas removal from the mean transmittance measurement of Sample C made
by the FTS with the GB source. The grey line shows the original spectrum, the
blue-coloured curve shows the spectrum with H2 O gas lines removed and the redcoloured curve shows the spectrum with both H2 O and CO2 lines removed. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

3.2. Removal of gas absorption lines and the in-cell relative humidity
The Peak Scientiﬁc generator did not provide 100% pure nitrogen and contaminating H2 O and CO2 lines were present in both Lb
and Lm . The method detailed in [53] was used to retrieve the concentrations of these gases from the measured transmissions spectra, allowing the aerosol transmittance to be separated from the
gas absorption transmittance. The measured transmittance can be
expressed as:

T (λ ) = Tg (λ ) × Ta (λ ),

(4)

where Ta is the aerosol transmittance and Tg is the gas transmittance. The aerosol transmittance can be assumed to vary smoothly
over tens of wavenumbers, whereas rapid spikes in transmittance can be attributed to gas absorption. The ratio of the measured transmittance to the measured transmittance with a boxcar
smoother applied was calculated. The same quantity was modelled
using the Reference Forward Model [59] taking into account the
instrument lineshape function. The Levenberg–Marquardt method,
detailed in [60], was used to search for the concentration of gases
that best ﬁtted the data. Fig. 4 shows an example of gas line removal from the FTS measurement of Sample C made using the
GB source. The gas retrieval was ﬁrst performed for H2 O in the
wavenumber (ν ) region 1400 < ν < 2000 cm−1 , where there are
strong H2 O lines and no CO2 lines. The blue-coloured curve in
Fig. 4 shows the spectra after H2 O lines have been removed. The
gas retrieval was then performed for CO2 in the region 2250 < ν <
2450 cm−1 , and the red-coloured curve in Fig. 4 shows the spectrum after both H2 O and CO2 lines have been removed.
The gas line retrieval returned the concentration of water
vapour, xH2 O , in parts per million by volume, which is related to
the in-cell relative humidity, RH, according to:

RH = xH2 O × 10−6 ×

P
,
es

(5)

where P is the total pressure and es is the saturation vapour pressure of water. The total pressure was monitored during experiments using an in-cell pressure meter, and es was calculated according to the equation given in [61].
3.3. Dilution calibration and in-cell size distribution results
The aerosol ﬂow passed through two stages of dilution before
reaching the sizing instruments. It was necessary to precisely determine the total dilution factor, D, between the cell and the siz-

rem
rve χ
=
Cs (rem )
Cs (rve )

(7)

where the volume equivalent radius, rve , is deﬁned as the radius
of a particle having the same volume as the non-spherical particle under consideration; Cs (r) is the Cunningham slip correction,
for which the parameterisation found by [63] was assumed, and
χ is the dynamic shape factor of particles, which was assumed to
have a value χ = 1.0 consistent with the result found by [51] for
similarly sized quartz particles. The electrical mobility radius returned by the SMPS was corrected to the volume equivalent radius,
according to Eq. (7) allowing comparison with the OPC measurements.
The Grimm 1.108 OPC measures the integrated scattered intensity (over scattering angles  = 30–150°) of individual particles
passing through a 780 nm laser beam and uses the instrument’s
response curve to assign the particle to a radius bin. The response
curve of the instrument assumed Mie scattering and a complex refractive index of m = 1.60 + 0.0i. Literature values for the complex
refractive index of crystalline and amorphous silica [64,65] were
used calculate a corrected Mie response curve of the instrument
from which corrected bin radii were determined; the correction to
bin radius was less than 10 % for all bins.
Once the SMPS data had been converted to volume equivalent
radius and the OPC data had been corrected for refractive index,
mean size distributions were calculated for each instrument. The
mean was calculated for distributions measured during the ﬁlter
exposure time period. The SMPS and OPC mean distributions were
combined by using SMPS data up to its largest radius bin and OPC
data for larger radii thereafter. The combined at-instrument (AI)
size distribution, (dN/dln r)AI where N has units of particles per
cm3 , was then used to calculate the dilution factor, D, according
to:

D=

ρp

∞

4
r=0.05μm 3

ρa


π r3 ddN
d ln r
ln r AI

(8)

where ρ p was the particle density (ρ p = 2.65 and 2.20 g cm−3 for
crystalline and amorphous silica, respectively). The denominator of
Eq. (8) represents the mass per unit volume at the sizing instruments for the fraction of particles with radii larger than 0.05μm.
The ﬁlter had a pore radius of 0.05μm and it was assumed that
only particles with r ≥ 0.05μm were collected (by mass the ﬁner
fraction was signiﬁcantly less than 1 %). The in-cell size distribution was given by:



dN
d ln r





=D×
cell

dN
d ln r



(9)
AI

Fig. 5 shows the results for the in-cell size distributions measured for the three silica samples. The plots show data from both
the SMPS and the OPC, multiplied by the dilution factor calculated
according to Eq. (8). There is good agreement between the two instruments in the overlap region, and in-cell particle number densities were similar between the three experiments indicating the
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Table 2
In-cell gas concentrations and relative humidity.

Fig. 5. The in-cell size distributions of the three samples. The SMPS and OPC atinstrument size distributions were multiplied by the dilution factor, D.
Table 1
Lognormal parameters describing ﬁts to the in-cell
size distributions.
Sample

N0 (× 106 cm−3 )

r0 (μm)

S

A
B
C

1.404
1.852
1.493

0.1139
0.1128
0.1181

1.694
1.595
1.700

WDF provided good repeatability. Values are also given in the ﬁgure for the effective radius, re , and the mean radius, rm , calculated
for each combined distribution. The number weighted mean standard error in dN/dlnr across the radius bins was approximately 10
% for the SMPS and 1 % for the OPC, with little variation in values
between the samples.
Lognormal distributions were ﬁtted to the measured size distributions. The ﬁtted parameters are detailed in Table 1. The lognormal distribution is deﬁned according to:



2

dN
N0
(ln r − ln r0 )
= √
exp −
2
d ln r
2π ln (S )
2 ln (S )



,

(10)

where N0 is the total number of particles per unit volume, r0 is the
median particle radius, and S is the geometric standard deviation.
3.4. Mass extinction coeﬃcient results and in-cell parameters
Fig. 6 shows the spectral mass extinction coeﬃcient, kext (λ), results for the three silica samples. Table 2 shows results for the
in-cell gas concentrations and relative humidity; it is important to
quote relative humidity with extintion measurements because it is
known to affect aerosol scattering properties [66]. The extinction
curves generally show a decrease of extinction with wavelength.
This trend is punctuated by regions of high extinction generated
by the loss of energy associated with vibrational bands. The de-

Sample

CO2 (PPMV)

H2 O (PPMV)

RH (%)

A
B
C

227.0 ± 2.4
329.4 ± 1.5
240.0 ± 1.0

403.4 ± 3.5
1019.5 ± 5.2
913.9 ± 3.4

0.163 ± 0.001
0.411 ± 0.002
0.369 ± 0.001

creasing trend is caused by the reduction in scattering eﬃciency
as the particle size becomes smaller than the wavelength of the
incident light.
There are two clear absorption features at approximately 9 and
12.5μm in the extinction spectra of both the crystalline samples
and the amorphous sample. The feature at ∼ 9μm is associated
with the asymmetric stretching vibrations of Si—O—Si bridges and
the ∼ 12.5μm feature is associated with symmetric vibrations involving displacement of the O atom perpendicular to the Si—Si direction in the Si—O—Si plane [67,68].
Comparing the extinction spectra of the two crystalline samples, Sample A and Sample B, the shape of the curves in the infrared are similar. However, the Si—O—Si asymmetric stretching
feature of Sample A has a slightly higher peak value and the feature is narrower than the same feature in Sample B; the peak MEC
value for Sample A is 1.63 ± 0.23 m2 g−1 at 9.06μm and for sample
B the peak value is 1.53 ± 0.26 m2 g−1 at 9.14μm. Both crystalline
samples show a distinct local maximum and minimum to the left
of the main asymmetric stretching peak at approximately 8.6μm.
The symmetric stretching features at 12.5μm show similar shapes,
however for Sample B the feature is broader and slightly higher.
The differences in the infrared extinction spectra of the two crystalline samples may reﬂect differences in the complex refractive
index of the samples, the shape of particles, or the particle size
distribution. Differences in the complex refractive index may derive from impurities. However, due to the high purity of the samples differences in the crystalline character of the ﬁne particles are
likely to have had a more signiﬁcant effect on refractive index. Fine
particles may lose the regular crystal structure of the bulk material from which they were derived, showing increased disorder
and amorphous character [69–71]. The infrared absorption features
of the amorphous sample (Sample C) appear as a smoothed version of the crystalline features. The Si—O—Si asymmetric vibration
feature does not show the local maximum at about 8.6 μm that is
present for the crystalline samples. The peak is lower than both
crystalline samples with a MEC value of 1.37 ± 0.18 m2 g−1 occurring at 8.98 μm (blue shifted relative to the crystalline samples).
Similarly, the feature at 12.5 μm is much ﬂatter and does not have
the distinct double peak signature of the crystalline samples.
4. Theoretical modelling of extinction spectra
4.1. The scattering models
Three scattering models were investigated for modelling the
spectral extinction of silica aerosol: Mie theory, the continuous distribution of ellipsoids (CDE) model, and T-matrix methods applying
a discrete distribution of spheroids. In all cases, the volume extinction coeﬃcient can be expressed as:

β ext =

∞
0

σ ext n(r )dr,

(11)

where n(r ) = dN/dr is the number of particles per unit volume
with radii between r and r + dr and σ ext is the extinction cross
section which, in general, is a function of the complex refractive
index, m(λ ) = n + iκ , the particle size parameter, x = 2π r/λ, and
the particle shape. In the case of non-spherical particles the size
parameter is typically expressed in terms of the volume equivalent

58

B.E. Reed et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 199 (2017) 52–65

Fig. 6. The spectral mass extinction coeﬃcients, kext (λ), of the three silicon dioxide samples. The ﬁrst row shows all three samples over-plotted, whilst the lower rows show
individual results with one-sigma uncertainty (shown in grey). The ﬁrst column of plots shows MEC over the full spectral range, 0.33–19μm, with a logarithmic wavelength
scale, whilst the second column shows MEC in the range 7–14μm with a linear scale.

radius, rve , deﬁned as the radius of an equivalent sphere having
the same volume as the particle under consideration. The extinction cross section can be expressed in terms of the absorption and
scattering cross sections:

σ

ext

=σ

sca

+σ

abs

.

σ

λ2
=
2π

∞

(2n + 1 )Re[an (m, x ) + bn (m, x )],



 2
2m2
abs
σCDE
= k V Im
ln
m
,
2
m −1

(12)

Mie theory describes the exact solution to the electromagnetic
scattering and absorption produced by a sphere. The Mie extinction cross section is expressed in terms of the inﬁnite series:
ext
Mie

tion of ellipsoids (CDE), in which all shapes are equally probable,
can be expressed as [32,72]:

(13)

n=0

where an (m, x) and bn (m, x) are the scattering coeﬃcients which
depend on the complex refractive index and the size parameter,
and are expressed in terms of the Ricatti-Bessel functions. The
code used to evaluate the solution numerically is similar to that
detailed in [32], and can be found at: http://eodg.atm.ox.ac.uk/MIE/
mie_single.html.
In the Rayleigh approximation (x  1), it can be shown that the
absorption and scattering cross sections for a continuous distribu-

σ

sca
CDE

=

k4 V 2 |m2 − 1|2



3π Im m2





(14)



 
m2
Im
ln m2 ,
m2 − 1

(15)

3 is the volume of
where k = 2π /λ is the wavenumber, V = 43 π rve
particles, and ln (z) denotes the principle logarithm of z. The extinction cross section can then be calculated according to Eq. (12).
The CDE model has previously been applied to model the infrared
absorption features of quartz particles [32,51], and is commonly
used within astronomy literature to model the extinction spectra
of silicate as well as non-silicate cosmic dust particles [73–75].
The T-matrix method is an exact technique for numerically
solving Maxwell’s equations to determine the light scattering of
non-spherical particles [76,77]. The approach of modelling extinction using a distribution of spheroidal shapes, computed using
T-matrix theory, has widely been applied to atmospheric dust
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[38,43,78] and its individual components including quartz [44,79].
In this work, the T-matrix code available from NASA (https://
www.giss.nasa.gov/staff/mmishchenko/t_matrix.html) and detailed
in [80] has been used. The T-matrix code allows the cross section
per particle to be calculated for a lognormal distribution of particle sizes (speciﬁed in terms of their volume equivalent radius) in
which all particles have the same spheroidal shape. The spheroidal
shape is deﬁned in terms of the axial ratio, = a/b, where a is the
major axis of the spheroid and b is the minor axis. It is convenient
to deﬁne the shape factor, ξ , of spheroids as:

ξ=

− 1,
1 − ( 1/ ),

for ≥ 1 (oblate)
.
for < 1 (prolate)

(16)

For each sample, the lognormal ﬁts to the measured size distribution and literature complex refractive index values were inputs
to the T-matrix code and were used to generate average extinction
cross sections per particle, σ ext (ξ , λ) , for spheroidal shape factors
in the range −4 ≤ ξ ≤ 9 at intervals of ξ = 0.5. For all samples,
the lognormal distributions provided good ﬁts to the measured
size distributions. The calculations were restricted to wavelengths
in the range 7.5 ≤ λ ≤ 13.5 μm, and the resolution of the calculations was 200 points evenly spaced by wavelength. It was found
that applying the code to shorter wavelengths or more extreme
spheroidal shape factors resulted in computations which failed to
converge. Once the spheroidal cross sections were calculated for
the set of shape factors, the cumulative extinction per particle,
ext , of the system could be modelled as a weighted average:
σtot

σ

ext
tot

w i σ

=

ext

( ξi ) ,

(17)

i

subject to,

wi = 1.

(18)

i

where wi are the individual weightings. The values of wi were retrieved using the Levenberg–Marquardt method to determine the
best ﬁt to the experimental data. In this way the distribution of
spheroidal shapes that best ﬁtted the experimental data was identiﬁed.
4.2. Literature complex refractive indices and birefringence of
crystalline quartz
Literature values for the complex refractive index of crystalline
and amorphous silica were assumed in order to model the spectral
extinction. Crystalline α -quartz has uniaxial birefringence and its
complex refractive index is described by the ordinary, mo (parallel to the optical axis), and the extraordinary component, me (perpendicular to the optical axis). Two methods were investigated for
averaging the ordinary and extraordinary components to model
the extinction cross section. The optical constants averaging (OCA)
method involved using the weighted average complex refractive
index, m = 23 mo + 13 me , to compute extinction cross sections. The
spectral averaging (SA) method involved individually computing
cross sections for mo and me and then calculating the weighted average extinction cross section according to: σ ext = 23 σoext + 13 σeext .
The tabulated band parameters for the birefringent complex refractive index of crystalline quartz, determined by [81], were used
for wavelengths in the range 3.0–19 μm. For wavelengths in the
range 0.33–3.0 μm, the dispersion formula for the real refractive index of crystalline quartz found by [64] was used and the imaginary
refractive index was taken to be zero.
For amorphous silica, the complex refractive index measured by
[82] in the range 1.54–14.3 μm was used, and in the range 0.33–
1.25 μm values measured by [65] were used. The real and imagi-

Fig. 7. The complex refractive index of crystalline and amorphous silicon dioxide.
Table 3
R2 values for the various scattering models against the experimental data.
Model

Sample A
(crystalline)

Sample B
(crystalline)

Sample C
(amorphous)

Mie
(7.5–13.5 μm)
Mie
(0.33–7.5 μm)
CDE
(7.5–13.5 μm)
CDE
(0.33–7.5 μm)
T-matrix
(7.5–13.5 μm)
T-matrix
(mixture)

0.19 (SA)
0.17 (OCA)
0.97 (SA)
0.97 (OCA)
0.96 (SA)
0.96 (OCA)
0.55 (SA)
0.55 (OCA)
0.91 (SA)
0.91 (OCA)
0.98 (SA)
0.98 (OCA)

0.18 (SA)
0.16 (OCA)
0.92 (SA)
0.92 (OCA)
0.82 (SA)
0.82 (OCA)
0.26 (SA)
0.26 (OCA)
0.74 (SA)
0.72 (OCA)
0.97 (SA)
0.97 (OCA)

0.86
0.98
0.98
0.52
0.995
—

nary refractive index in the region (1.25–1.54 μm) were estimated
by linear interpolation.
Fig. 7 shows the assumed complex refractive indices of crystalline and amorphous silicon dioxide. For crystalline silica, both
the ordinary and extraordinary components are shown. The infrared features, associated with Si—O—Si vibrations, of crystalline
silica have much higher and narrower peaks than those of amorphous silica. There are small wavelength shifts between the features of the ordinary and extraordinary rays.
4.3. Modelling results and discussion
4.3.1. Mie theory and the CDE model
Fig. 8 shows measured versus modelled extinction calculated
with Mie theory and the CDE model. The calculations required the
measured in-cell size distributions and the literature complex refractive indices as inputs. The in-cell size distributions were calculated as detailed in Section 3.3, and no additional scaling was
performed. The left column shows the full spectral range with a
logarithmic wavelength scale, whereas the right column shows the
infrared absorption features. Each row shows a different sample.
For the two crystalline samples, Mie theory poorly represents
the 9 μm absorption feature; the measured peak height is much
smaller and the measured peak width is greater than that predicted by assuming spherical scatterers. The CDE model provides
an improved ﬁt to the experimental data in the infrared. Values
of the coeﬃcient of determination (R2 ) for the model ﬁts to the
data are detailed in Table 3. Sample A, for example, at wavelengths
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Fig. 8. Modelled extinction using Mie theory and the CDE. For the birefringent crystalline samples two methods of averaging the o-ray and e-ray components were used:
the spectral averaging (SA) method and the optical constants averaging (OCA) method.

7.5–13.5 μm has R2 values for Mie theory against the experimental
data of 0.19 and 0.17 for the spectral averaging and optical constant averaging methods. This is compared to a value of 0.96 for
both averaging methods and the CDE model. However, the CDE
model provides a signiﬁcantly better ﬁt to Sample A compared to
Sample B; this is largely due to the broader 9 μm feature of Sample B (particularly for λ > 9.4 μm) which is not well represented
by the CDE and the assumed refractive index. The CDE model is
valid in the Rayleigh approximation; based on a mean particle radius of 0.13 μm, the size parameter is 0.11–0.06 (for wavelengths
7.5–13.5 μm), and therefore the approximation can be considered
reasonable.
For amorphous silica (Sample C), the differences between Mie
theory and the CDE model for the infrared absorption features are
signiﬁcantly less, although the CDE model still performs better indicating the particles have a signiﬁcant degree of non-sphericity.
The R2 values for Mie theory and the CDE model are 0.86 and
0.98 (across wavelengths 7.5–13.5 μm), respectively. The fact that
the CDE model (representing an extreme distribution of particle
shapes) is much closer to Mie theory for the amorphous sample

compared to the crystalline samples shows that non-spherical effects are much more signiﬁcant when there are extreme features in
the complex refractive index (the peaks in refractive index shown
in Fig. 7 are much higher for crystalline quartz).
At shorter wavelengths (0.33–7.5 μm), Mie theory matches the
experimental extinction with varying success: R2 values are 0.97,
0.92 and 0.98 for samples A, B and C, respectively. Although the
R2 values are fairly high, the plots show signiﬁcant deviations between the theory and the experimental data. For example, Sample B shows differences as large as 100 % at around 0.8 μm. These
differences may be the results of non-spherical scattering effects,
uncertainty in the size distribution, or uncertainty in the assumed
complex refractive index. The showtwave extinction is dominated
by scattering and is particularly sensitive to the large particle tail
of the size distribution measured by the OPC. The OPC uses Mie
theory, inverting the measured scattered intensity to determine
particle size. Non-spherical scattering effects will therefore introduce systematic error into the size distribution returned by the
OPC. The validity of the Rayleigh approximation breaks down at
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Fig. 9. Spheroidal cross sections per particle, σ ext (ξ ) , computed using T-matrix
theory, as a function of the shape parameter, ξ . The plot shows the Si—O—Si asymmetric vibration feature only, although the T-matrix calculations were performed
across the wider wavelength range of 7.5–13.5 μm.

shorter wavelength and the CDE model predicts unrealistically high
MEC values; values of R2 are low.
4.3.2. T-matrix modelling of a distribution of spheroids
Fig. 9 shows how the spheroidal cross sections per particle,
σ ext (ξ ) , calculated using T-matrix theory, vary with the shape
factor, ξ . The top plot shows the results assuming the amorphous
complex refractive index and the measured size distribution of
Sample C (amorphous) whereas the lower plot shows results assuming the crystalline complex refractive index and the size distribution of Sample A (crystalline); differences between σ ext (ξ ) for
the two crystalline samples were small. Differences between the Tmatrix results for spheres (ξ = 0) and the Mie theory results were
negligible, as expected.
Fig. 9 demonstrates that the cross sections vary signiﬁcantly
when the crystalline or the amorphous complex refractive index
is assumed. The peaks are much narrower and higher in the crystalline case compared to those for the amorphous sample (note
the different scale on the y-axis between the upper and lower
plots); although both cases show the expected pattern of the feature broadening as the shape factor deviates from zero (spheres) to
more oblate (ξ ≥ 1) or prolate (ξ < 1) shape factors. The broadening is much more signiﬁcant for the amorphous case; the relative extinction at λ > 9.3 μm compared to the peak extinction is
greater, particularly for highly non-spherical particles.
Fig. 10 shows ﬁts to the experimental data using the T-matrix
spheroidal cross sections. The relative weightings, wi , of the cross
sections were retrieved — according to Eqs. (17) and (18) — to give
the best ﬁt to the experimental data. In Fig. 10, model ﬁts to the
experimental data are shown by the plots on the left, whilst the retrieved relative weightings are shown by the bar-plots to the right.
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For the two crystalline sample, two retrievals were performed: one
using cross sections generated using the crystalline complex refractive index only; and a second using both amorphous and crystalline cross sections (assuming an external mixture of crystalline
and amorphous particles, both having the same particle size distribution).
Considering the amorphous result ﬁrst (Sample C),
Fig. 10 shows that the T-matrix approach provides an excellent ﬁt to the experimental data; the R2 value for the ﬁt is 0.995.
The ﬁt to the 9 μm absorption feature is very good, but the
modelled extinction slightly underestimates the extinction of the
12.5 μm feature. For the crystalline samples (Sample A and Sample
B), the quality of the ﬁt using only crystalline cross sections is
noticeably better for Sample A (R2 of 0.91 for the SA method)
compared to Sample B (R2 of 0.72 for the SA method). However, in
both cases the measured extinction feature at 9 μm is broader than
the modelled version. The retrieved weightings, wi , for the two
samples are similar showing a central grouping clustered around
ξ = 2, and relatively high weightings for the extreme prolate
(ξ = 9) and the extreme oblate (ξ = −4) cross sections. This may
reﬂect the presence of highly non-spherical particles within the
quartz samples.
When Sample A and Sample B are modelled as an external
mixture containing both crystalline and amorphous spheroids, the
quality of the ﬁts signiﬁcantly improves particularly with respect
to the model’s ability to represent the width of the 9 μm feature.
R2 values for the mixture approach are signiﬁcantly higher at 0.98
for Sample A and 0.97 for Sample B. The retrieved weightings suggest that Sample A has an amorphous content of 29 % and Sample
B contains 56 %, by mass. For the mixture retrieval, the crystalline
component of the weightings shows a similar distribution to the
crystalline only retrievals, whereas the amorphous component has
only a single weighting with a non-zero value.
The improved ﬁts modelling Sample A and Sample B as a mixture of amorphous and crystalline particles may indicate that a signiﬁcant number of particles have reduced crystallinity. The model
approach of treating particles as either purely crystalline or purely
amorphous may not necessarily be true; one might expect particles to have varying degrees of crystallinity or there may be a
uniform distribution whereby particles have similar polycrystalline
structures that lie somewhere between purely crystalline or purely
amorphous. The crystallinity of powdered quartz samples is known
to affect optical properties including infrared absorption features,
and has been shown to vary with differences in the production
process in particular the milling time [70,71].

5. Conclusions
This paper details an experimental apparatus capable of accurately measuring the spectral mass extinction, at 0.33–19 μm, and
size distribution of solid aerosol particles dispersed in nitrogen gas.
Initial measurements on high purity crystalline and amorphous silica samples have been presented. The experimental data have been
compared to the extinction predicted by three scattering models:
Mie theory, the Rayleigh CDE model, and T-matrix theory applying
a distribution of spheroids. In each case using literature values for
the complex refractive index and the measured size distribution as
model inputs.
The apparatus used the WDF (manufactured by EMMS) to disperse the powdered samples into the aerosol cell. The WDF was effective in providing a reproducible and near-constant number density of dispersed aerosol into the gas ﬂow, allowing repeated spectral and sizing measurements of the aerosol and good estimates of
measurement uncertainty. Mass loading ﬁlter measurements provided a high level of conﬁdence in the mass of aerosol per unit
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Fig. 10. T-matrix retrieval results. Cross sections generated using different shape parameters, σ ext (ξ , λ) , were used to ﬁt the measured spectral extinction. The plots on
the left show the ﬁts to the data and the bar-plots on the right show the retrieved weightings of the cross sections. The weightings sum to 1. For the crystalline samples ﬁts
were also performed allowing a mixture of crystalline and amorphous cross sections.

volume inside the cell, allowing the dilution between the cell and
sizing instruments to be accurately calibrated.
Relative humidity is known to affect aerosol scattering properties [66]. It is therefore important to quote the relative humidity at
which spectral extinction measurements are performed. The in-cell
relative humidity during experiments was determined from gas
concentrations retrievals applying the RFM [59]. The gas lines were
removed from the spectral extinction, leaving the aerosol component only.
The modelling results conﬁrm that Mie theory provides a poor
ﬁt to the infrared extinction features of quartz. However, the discrepancies between amorphous silica and Mie theory are signiﬁcantly lower. This is due to differences in the complex refractive
index: the infrared features of the complex refractive index of crystalline quartz show signiﬁcantly narrower and higher peaks compared to the more smoothly varying features of amorphous silica.
The differences between the infrared extinction predicted by the
Rayleigh CDE model and Mie theory when the amorphous refractive index is assumed are relatively small compared to the large

differences in the model predictions for crystalline quartz. This emphasises that non-spherical scattering effects are more signiﬁcant
close to strong refractive index features. The signiﬁcant effect of
non-sphericity in cases of extreme refractive index features is further reiterated by the differences in the T-matrix spheroidal cross
sections with varying aspect ratio when the crystalline refractive
index of quartz (extreme refractive index features) is used as an input compared to when the complex refractive index of amorphous
quartz is assumed. The cross sections vary much more signiﬁcantly
as a function of aspect ratio for quartz compared to amorphous silica.
The modelling results show that the Rayleigh CDE model provides remarkably good ﬁts (given the simplicity of the analytic
expressions) to the infrared extinction data of both crystalline
and amorphous silica. At shorter wavelengths, the validity of the
Rayleigh approximation breaks down and the ﬁt to the experimental data rapidly deteriorates. However, the CDE model has
been shown to provide poor ﬁts to the infrared extinction features of other important components of mineral dust such as cal-
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cite and dolomite (even within the Rayleigh regime) [51]. The signiﬁcant advantage of T-matrix methods, assuming a distribution of
spheroids, is their versatility in matching light scattering properties of many atmospheric aerosols of different shapes [44,45].
T-matrix methods were used to model the measured infrared
extinction of silica: cross sections were calculated for a wide distribution of spheroidal shape factors and retrievals was performed to
ﬁnd the weightings of cross sections (constraining the total number of particles according to the measured size distributions) that
best ﬁtted the experimental data. The ﬁt to the experimental data
for amorphous quartz was excellent. For the two crystalline samples it was found that combining amorphous and crystalline cross
sections provided a signiﬁcantly improved ﬁt to the data compared
to using crystalline cross sections only. The ﬁts using the mixture
approach were very good, with R2 values above 0.97. This indicates
that the crystallinity of the quartz samples may have been reduced
by the milling process. This is consistent with previous investigations of the crystallinity of milled quartz powders [70,71].
The T-matrix calculations could only be applied to infrared
wavelengths; at shorter wavelengths the code failed to converge.
However, Mie theory provided reasonably good ﬁts to the modelled extinction for wavelengths in the range 0.33–7.5 μm. R2 values were above 0.92 for all samples in this wavelength range.
The quality of the T-matrix ﬁts to the experimental data supports the accuracy of the extinction and sizing measurements. The
ﬁts using the T-matrix approach and the CDE model are consistent with previous investigations of silica particles [32,44,51]. The
work presented here provides some improvements over previous
studies. An experimental method has been developed which is capable of measuring the particle size distribution and spectral extinction over the complete range of wavelengths relevant to atmospheric radiative transfer at a higher spectral resolution than previous measurements of quartz. Furthermore, we provide estimates
of the measurement uncertainty associated with the mass extinction coeﬃcients. In the future, results for the mass extinction coeﬃcient and size distribution of various volcanic ash samples, as
well as candidate geo-engineering particles, will be presented.
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