Journal of Quantitative Spectroscopy & Radiative Transfer 199 (2017) 52-65

Contents lists available at ScienceDirect =

ournal of
uantitative
pectroscopy &

Journal of Quantitative Spectroscopy & Radiative Transfer | xue

journal homepage: www.elsevier.com/locate/jqsrt

Mass extinction spectra and size distribution measurements of quartz
and amorphous silica aerosol at 0.33-19 pm compared to modelled
extinction using Mie, CDE, and T-matrix theories

® CrossMark

Benjamin E. Reed®*, Daniel M. Peters®P, Robert McPheat”, Andrew ].A. Smith¢,
R.G. Grainger

2 Atmospheric, Oceanic and Planetary Physics, University of Oxford, Oxford, OX1 3PU, UK.

b RAL Space, STFC Rutherford Appleton Lab, Harwell, 0X11 0QX, UK.

¢ National Centre for Earth Observation, Atmospheric, Oceanic and Planetary Physics, University of Oxford, Parks Road, Oxford OX1 3PU, UK.
4 COMET, Atmospheric, Oceanic and Planetary Physics, University of Oxford, Parks Road, Oxford, 0X1 3PU, UK.

ARTICLE INFO ABSTRACT

Article history:

Received 23 March 2017
Revised 11 May 2017
Accepted 11 May 2017
Available online 19 May 2017

Simultaneous measurements were made of the spectral extinction (from 0.33-19 pm) 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 distribu-
tion was measured using a scanning mobility particle sizer and an optical particle counter. The mea-

Keywords: surements were applied to one amorphous and two crsystalline silica (quartz) samples. In the infrared
Mass extinction coefficient peak values of the mass extinction coefficient (MEC) of the crystalline samples were 1.63 + 0.23 m2g~!
Aerosols at 9.06 um and 1.53 + 0.26 m?g~! at 9.14um with corresponding effective radii of 0.267 and 0.331 um,
Quartz - respectively. For the amorphous sample the peak MEC value was 1.37 +0.18 m?g~! at 8.98 um and the ef-
&r&oiggg:; silica fective radius of the particles was 0.374 pm. Using the measured size distribution and literature values of

the complex refractive index as inputs, three scattering models were evaluated for modelling the extinc-
tion: 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 (R?> <
0.19), although the discrepancies were significantly lower for Mie theory and the amorphous silica sam-
ple (R?> = 0.86). The CDE model provided improved fits in the infrared compared to Mie theory, with
R? > 0.82 for crsytalline sillica and R? = 0.98 for amorphous silica. The T-matrix approach was able to
fit the amorphous infrared extinction data with an R? value of 0.995. Allowing for the possibility of re-
duced crystallinity in the milled crystal samples, using a mixture of amorphous and crystalline T-matrix
cross-sections provided fits with R? values greater than 0.97 for the infrared extinction of the crystalline
samples.

Non-spherical scattering
T-matrix theory
Rayleigh CDE model
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1. Introduction

Atmospheric aerosols directly affect the Earth’s radiative bal-
ance, across the electromagnetic spectrum from the infrared (IR)
to the ultraviolet (UV), by scattering and absorbing solar radia-
tion as well as absorbing and emitting infrared radiation [1,2]. At-
mospheric 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 1000-3000 Mt of wind blown dust
enters the atmosphere annually [7], largely from arid and semi-
arid 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—!, generating the largest atmospheric mass loading of
mineral dust aerosol [9]. Strong winds and convection from sur-
face heating uplift mineral dust particles into the troposphere, at
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which point atmospheric circulation can transport the dust on in-
tercontinental 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 occur-
ring silica is found in the form of crystalline alpha-quartz which
has a regular structure of SiO4 tetrahedra. Quartz is a major exter-
nally 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 kilo-
metres posing significant risk to aviation [21-23]. The 2010 Ey-
jafjallajokull 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 Eu-
ropean 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 8-12um, at-
tributable to T—O0~ vibrations (where T indicates fourfold coordi-
nated cations, predominately Si*t, Al** and Fe3*) [28], is widely
exploited for rapid ash detection using satellites and other remote
sensing instruments [29,30]. For example, large negative bright-
ness temperature differences between 10 and 12um 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 re-
fractive 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 uncertain-
ties 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 parti-
cles are assumed to be spheres, and Mie theory is used. The extinc-
tion produced by irregularly shaped mineral dust particles, includ-
ing 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 extinc-
tion 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

calculations because the orientational averaging is greatly sim-
plified, reducing computational expense. The spheroid approach
has been shown to provide more flexibility in matching the scat-
tering of mineral dust compared to polyhedral prisms, and per-
forms 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 at-
mospheric 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 de-
veloped experimental technique and apparatus capable of accu-
rately measuring the spectral extinction and size distribution of
solid aerosol particles suspended in nitrogen gas. Two optical sys-
tems were used, covering wavelengths from the UV through to
the IR (0.33-19um) and providing high spectral resolution (1.9
cm~! in the IR and < 1.5 nm in the shortwave). Simultaneously,
the size distribution of particles was measured and filter sam-
ples suitable for scanning electron microscope (SEM) imaging were
taken, allowing a full microphysical analysis of the particles. Previ-
ous high-quality laboratory measurements of the spectral extinc-
tion and size distribution of solid aerosol particles have been per-
formed by [49-51]. These earlier measurements were limited to
infrared wavelengths and were performed at the lower resolution
of 8 cm~!. 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 crys-
talline silica are well documented in the literature, allowing the
experimental extinction data to be evaluated against various scat-
tering 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 experimen-
tal method and apparatus are outlined, and details about the three
silica samples are provided. In Section 3 the analysis of the experi-
mental data is detailed and results for the size distribution and the
spectral mass extinction coefficient, with uncertainty, of the sam-
ples 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 refrac-
tive index of silica and the measured size distribution as inputs, are
compared to the experimental extinction data. In Section 5 conclu-
sions and planned future work are described.

2. Method
2.1. Overview of experimental setup

Experiments were performed at Rutherford Appleton Labo-
ratory’s Molecular Spectroscopy Facility (RAL-MSF). The samples
were dispersed in nitrogen gas and passed into a 75 | aerosol cell
chamber; the aerosol cell has been described in detail in [54]. In-
side the cell, the optical extinction of the aerosol was measured at
infrared wavelengths using a Fourier transform spectrometer, con-
current 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 near-
constant number density of dispersed aerosol. The abbreviations are as follows.
HEPA — high-efficiency particulate arrestance filter. EMMS — Electro-Medical Mea-
surements 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 num using 44 logarithmically spaced size bins, and
an optical particle counter (OPC), covering 0.15 < r < 10pum using
14 logarithmically spaced size bins.

2.2. Aerosol dispersal and flow configuration

Fig. 1 shows the apparatus used to supply a near-constant num-
ber density of dispersed aerosol to the cell. The samples were dried
for several hours at 90 °C to remove any moisture and were com-
pacted into the Wright dust feeder (WDF) sample cup using a hy-
draulic press. The samples were dispersed using the WDF manu-
factured 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 individ-
ual particles. After passing vertically down through the Venturi the
flow passed a 90° bend to the horizontal, removing > 80 % parti-
cles larger than 10 pm into a grit pot.! 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 nitro-
gen 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 op-
tical 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 pro-
vided by MFC1-MFC3 so that remaining aerosol exited via valve
V5 to a fume cupboard.

1 Estimated using the Particle Loss Calculator [55].
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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.

2.3. Optical measurements

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 be-
tween two sources: a globar (GB) and a halogen lamp (HL). The
FTS modulated the light before passing it into the cell; the return-
ing light was measured using a deuterated triglycine sulphate de-
tector. The GB working range was approximately 526-5000 cm~!
(19-2.0um), and the HL range was 667-8000 cm~! (15-1.25um). A
White cell [56], consisting of three spherical concave mirrors, with
eight optical passes was used within the cell to increase the opti-
cal path to 3.52 m, allowing increased sensitivity to low concen-
trations of aerosol. During experiments the FTS continuously mea-
sured the light transmitted through the cell, alternating between
the GB and the HL source. Each FTS measurement took approxi-
mately one minute and comprised 68 complete scans of the in-
terferometer’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 fo-
cused (using a lens with a focal length of 100 mm) into a bifur-
cated optical fibre (with a diameter of 600um) which split the
beam into optical fibres passing to two Ocean Optics S2000 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.
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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 Parti-
cle 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), manu-
factured 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 re-
duce 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 load-
ing 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 0.05um. This filter sampled aerosol directly (without di-
lution) 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 ex-
periment using a micro-balance accurate to 0.0001 g. The aerosol
number density within the cell reached a steady equilibrium ap-
proximately 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 num-
ber densities measured by the sizing instruments. Once a near-
constant number density in the cell was attained, the filter expo-
sure was started by opening valves V8 and V9 and closing valve V7.
The filters used a bypass system so that the flow remained con-
stant, 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 ex-
posure were recorded and filters were exposed for 60 min or until
the sample ran out. The mass of the loaded filter was then mea-
sured, so that the initial filter mass could be subtracted to deter-
mine the aerosol loading mass.

FH2 contained a Merck Millipore 47 mm polytetrafluoroethy-
lene 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 crys-
talline alpha-quartz with product name ‘Crystalite 5X’ supplied by
Tatsumori Ltd (Lot 3H-3110). The sample had a quoted SiO, pu-

rity of > 99.8 % and a quoted mass-weighted mean particle ra-
dius of 0.55pm. 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 SiO, pu-
rity of > 99.98 % and a mass-weighted mean radius of 0.55pm. 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
3.1. Radiance to mass extinction

The aerosol transmittance, T(A), was determined from mea-
suring background radiance spectra when the cell was empty,
Ly(A), and measurement radiance spectra when the cell contained
aerosol, L (X). The aerosol transmittance is related to the volume
extinction coefficient, B¢ (units: m~'), according to:

Lin ()
Ly(2)

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), k¢ (units: m2g-!), is defined
as:

=T(x) = exp (- (M)x). (1)

kEXt()\,) — ﬂei(oa()\')’ (2)

where p, 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 L, could then be calculated by linearly in-
terpolating 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 per-
formed. The dark current was then subtracted from both measure-
ment and background radiances, before transmittance was calcu-
lated according to Eq. (1).

The uncertainty in the mean radiance measurements at each
wavelength, omean(A), taking into account auto-correlation be-
tween successive measurements, was calculated according to the
formula detailed in [57]:

o) [1+w(x)}

3)

Omean (L) IN T—w®)
where o(A) is the unbiased standard deviation of radiance mea-
surements at wavelength A over the time period for which the
mean was calculated, N is the number of radiance measurements
during this period, and w(A) is the Prais—-Winsten estimate of the
auto-correlation. In spectral regions where the radiance measure-
ments from different instruments overlapped, the measurements
were interpolated to a common grid and the uncertainty-weighted
mean was calculated. Uncertainties were propagated, using stan-
dard methods, to all subsequently derived quantities, and where
these calculations included other measured quantities (e.g. pa, in
Eq. (2)) the associated uncertainties were combined using standard
error propagation formulae [58].
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3.2. Removal of gas absorption lines and the in-cell relative humidity

The Peak Scientific generator did not provide 100% pure nitro-
gen and contaminating H,0 and CO, lines were present in both L,
and L. The method detailed in [53] was used to retrieve the con-
centrations of these gases from the measured transmissions spec-
tra, allowing the aerosol transmittance to be separated from the
gas absorption transmittance. The measured transmittance can be
expressed as:

T(A) =Tg(A) x TL(R), (4)

where T, is the aerosol transmittance and Ty is the gas transmit-
tance. The aerosol transmittance can be assumed to vary smoothly
over tens of wavenumbers, whereas rapid spikes in transmit-
tance can be attributed to gas absorption. The ratio of the mea-
sured 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 re-
moval from the FTS measurement of Sample C made using the
GB source. The gas retrieval was first performed for H,O in the
wavenumber (v) region 1400 < v < 2000 cm~!, where there are
strong H,O lines and no CO, lines. The blue-coloured curve in
Fig. 4 shows the spectra after H,O lines have been removed. The
gas retrieval was then performed for CO, in the region 2250 < v <
2450 cm~!, and the red-coloured curve in Fig. 4 shows the spec-
trum after both H,0 and CO, lines have been removed.

The gas line retrieval returned the concentration of water
vapour, Xy,o, in parts per million by volume, which is related to
the in-cell relative humidity, RH, according to:

P
RH = xp,0 x 1076 x —, (5)
S
where P is the total pressure and es is the saturation vapour pres-
sure of water. The total pressure was monitored during experi-
ments using an in-cell pressure meter, and es was calculated ac-
cording 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 de-
termine the total dilution factor, D, between the cell and the siz-

ing instruments. The direct mass loading measurement made using
FH1 was used for this purpose. The in-cell aerosol mass per unit
volume, p,, could be calculated from the deposited filter mass,
Mgy1, according to:

Pa = Mpy1 < QrH1 X tru1 (6)

where Qpy; 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 tpy; was the filter exposure
time period.

The SMPS measures the electrical mobility radius, rem, of parti-
cles which is related to the volume equivalent radius, rve, according
to the equation detailed in [62]:

Tem _ Tve X 7)
Gs(Tem) Gs(ve)
where the volume equivalent radius, rve, is defined as the radius
of a particle having the same volume as the non-spherical parti-
cle under consideration; Cs(r) is the Cunningham slip correction,
for which the parameterisation found by [63] was assumed, and
X is the dynamic shape factor of particles, which was assumed to
have a value y = 1.0 consistent with the result found by [51] for
similarly sized quartz particles. The electrical mobility radius re-
turned by the SMPS was corrected to the volume equivalent radius,
according to Eq. (7) allowing comparison with the OPC measure-
ments.

The Grimm 1.108 OPC measures the integrated scattered inten-
sity (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 re-
fractive 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 (Al)
size distribution, (dN/dInr)s; where N has units of particles per
cm3, was then used to calculate the dilution factor, D, according
to:

Pa
D— _ (8)
P i Z0.05m 37T (%)Ald Inv

where pp, was the particle density (pp = 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 instru-
ments for the fraction of particles with radii larger than 0.05pum.
The filter had a pore radius of 0.05pm and it was assumed that
only particles with r > 0.05um were collected (by mass the finer
fraction was significantly less than 1 %). The in-cell size distribu-
tion was given by:

dN dN
(dlnr) =Dx(dlnr) 9
cell Al

Fig. 5 shows the results for the in-cell size distributions mea-
sured 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 in-
struments in the overlap region, and in-cell particle number den-
sities were similar between the three experiments indicating the
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Table 2
In-cell gas concentrations and relative humidity.
Sample  CO, (PPMV)  H,0 (PPMV)  RH (%)
A 2270 + 2.4 403.4 + 3.5 0.163 + 0.001
B 3294 + 15 1019.5 £ 52 0.411 £ 0.002
C 240.0 + 1.0 9139 + 34 0.369 + 0.001
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Fig. 5. The in-cell size distributions of the three samples. The SMPS and OPC at-
instrument size distributions were multiplied by the dilution factor, D.

Table 1
Lognormal parameters describing fits to the in-cell
size distributions.

Sample  Ng (x 105 cm™3)  ry (um) S

A 1.404 0.1139 1.694
B 1.852 0.1128 1.595
C 1493 0.1181 1.700

WDF provided good repeatability. Values are also given in the fig-
ure for the effective radius, re, and the mean radius, ry,, calculated
for each combined distribution. The number weighted mean stan-
dard error in dN/dInr 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 distri-
butions. The fitted parameters are detailed in Table 1. The lognor-
mal distribution is defined according to:

dN No _(lnr—lrlro)2
dlnr—mln(S)exp[ 21n* (S) } (10)

where Nj is the total number of particles per unit volume, ry 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, k®*t(1), re-
sults 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-

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
12.5um in the extinction spectra of both the crystalline samples
and the amorphous sample. The feature at ~ 9um is associated
with the asymmetric stretching vibrations of Si—0—Si bridges and
the ~ 12.5um feature is associated with symmetric vibrations in-
volving displacement of the O atom perpendicular to the Si—Si di-
rection in the Si—O—Si plane [67,68].

Comparing the extinction spectra of the two crystalline sam-
ples, Sample A and Sample B, the shape of the curves in the in-
frared are similar. However, the Si—O—Si asymmetric stretching
feature of Sample A has a slightly higher peak value and the fea-
ture is narrower than the same feature in Sample B; the peak MEC
value for Sample A is 1.63 + 0.23 m?g~! at 9.06um and for sample
B the peak value is 1.53 + 0.26 m2g~! at 9.14um. Both crystalline
samples show a distinct local maximum and minimum to the left
of the main asymmetric stretching peak at approximately 8.6um.
The symmetric stretching features at 12.5pm show similar shapes,
however for Sample B the feature is broader and slightly higher.
The differences in the infrared extinction spectra of the two crys-
talline 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 de-
rive from impurities. However, due to the high purity of the sam-
ples 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 ma-
terial 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 ver-
sion of the crystalline features. The Si—O—Si asymmetric vibration
feature does not show the local maximum at about 8.6 um that is
present for the crystalline samples. The peak is lower than both
crystalline samples with a MEC value of 1.37 + 0.18 m2g~! occur-
ring at 8.98um (blue shifted relative to the crystalline samples).
Similarly, the feature at 12.5um 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 dis-
tribution of ellipsoids (CDE) model, and T-matrix methods applying
a discrete distribution of spheroids. In all cases, the volume extinc-
tion coefficient can be expressed as:

B =/0 o™t (r)dr, (11)

where n(r) = dN/dr is the number of particles per unit volume
with radii between r and r+dr and ot is the extinction cross
section which, in general, is a function of the complex refractive
index, m(A) = n+ ik, the particle size parameter, x = 27r/A, and
the particle shape. In the case of non-spherical particles the size
parameter is typically expressed in terms of the volume equivalent
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Fig. 6. The spectral mass extinction coefficients, k®*¢()), 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, 0.33-19um, with a logarithmic wavelength
scale, whilst the second column shows MEC in the range 7-14pm with a linear scale.

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

(12)
Mie theory describes the exact solution to the electromagnetic

scattering and absorption produced by a sphere. The Mie extinc-
tion cross section is expressed in terms of the infinite series:

ot _ gsa + O_abs

ext __

2 oo
08 = 2= 3" (20 + DRelay(m. ) + by(m. )] (13)

n=0

where ap(m, x) and by(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-

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

2m?
b 2
odss :kVIm|: ;I (m )] (14)
k4v? |m? —1)? m?
sca _ m In (m? s 15
DPET 3p Im(m2) m? —1 (m?) (15)

where k =2m /A is the wavenumber, V = %nr?,e is the volume of
particles, and In(z) denotes the principle logarithm of z. The ex-
tinction 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 extinc-
tion 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 parti-
cle 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, &, of spheroids as:

5—{6_1’ fore > 1 (oblate)}
1= ye.

for € < 1 (prolate)

For each sample, the lognormal fits to the measured size distri-
bution and literature complex refractive index values were inputs
to the T-matrix code and were used to generate average extinction
cross sections per particle, (o®*(&, 1)), for spheroidal shape factors
in the range —4 <& <9 at intervals of A& =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 < A < 13.5um, and the resolution of the calcula-
tions 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,
(o&XY), of the system could be modelled as a weighted average:

(16)

(o%r) Zw (0% (&)). (17)
subject to,

dowi=1. (18)
i

where w; are the individual weightings. The values of w; were re-
trieved 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 iden-
tified.

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 «-quartz has uniaxial birefringence and its
complex refractive index is described by the ordinary, m, (paral-
lel to the optical axis), and the extraordinary component, me (per-
pendicular 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 = %mo + %me, to compute extinction cross sections. The
spectral averaging (SA) method involved individually computing
cross sections for m, and me and then calculating the weighted av-
erage extinction cross section according to: ot = %og’“ + %aee’“.

The tabulated band parameters for the birefringent complex re-
fractive index of crystalline quartz, determined by [81], were used
for wavelengths in the range 3.0-19pm. For wavelengths in the
range 0.33-3.0um, the dispersion formula for the real refractive in-
dex 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 1.54-14.3pum was used, and in the range 0.33-
1.25um values measured by [65] were used. The real and imagi-
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Fig. 7. The complex refractive index of crystalline and amorphous silicon dioxide.

Table 3
R? values for the various scattering models against the experi-
mental data.
Model Sample A Sample B Sample C
(crystalline)  (crystalline)  (amorphous)
Mie 0.19 (SA) 0.18 (SA) 0.86
(7.5-13.5pm)  0.17 (OCA) 0.16 (OCA)
Mie 0.97 (SA) 0.92 (SA) 0.98
(0.33-7.5um)  0.97 (OCA) 0.92 (OCA)
CDE 0.96 (SA) 0.82 (SA) 0.98
(7.5-13.5pm)  0.96 (OCA) 0.82 (OCA)
CDE 0.55 (SA) 0.26 (SA) 0.52
(0.33-7.5pum)  0.55 (OCA) 0.26 (OCA)
T-matrix 0.91 (SA) 0.74 (SA) 0.995
(7.5-13.5pm)  0.91 (OCA) 0.72 (OCA)
T-matrix 0.98 (SA) 0.97 (SA) —
(mixture) 0.98 (OCA) 0.97 (OCA)

nary refractive index in the region (1.25-1.54um) were estimated
by linear interpolation.

Fig. 7 shows the assumed complex refractive indices of crys-
talline and amorphous silicon dioxide. For crystalline silica, both
the ordinary and extraordinary components are shown. The in-
frared features, associated with Si—O—Si vibrations, of crystalline
silica have much higher and narrower peaks than those of amor-
phous silica. There are small wavelength shifts between the fea-
tures 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 re-
fractive indices as inputs. The in-cell size distributions were cal-
culated 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 9um absorption feature; the measured peak height is much
smaller and the measured peak width is greater than that pre-
dicted by assuming spherical scatterers. The CDE model provides
an improved fit to the experimental data in the infrared. Values
of the coefficient of determination (R%) 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.

7.5-13.5um has R? values for Mie theory against the experimental
data of 0.19 and 0.17 for the spectral averaging and optical con-
stant 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 9um feature of Sam-
ple B (particularly for A > 9.4pm) 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 ra-
dius of 0.13pum, the size parameter is 0.11-0.06 (for wavelengths
7.5-13.5um), 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 in-
dicating the particles have a significant degree of non-sphericity.
The R? values for Mie theory and the CDE model are 0.86 and
0.98 (across wavelengths 7.5-13.5um), 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 ef-
fects 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 (0.33-7.5pm), Mie theory matches the
experimental extinction with varying success: R? values are 0.97,
0.92 and 0.98 for samples A, B and C, respectively. Although the
R? values are fairly high, the plots show significant deviations be-
tween the theory and the experimental data. For example, Sam-
ple B shows differences as large as 100 % at around 0.8 pm. 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 intro-
duce systematic error into the size distribution returned by the
OPC. The validity of the Rayleigh approximation breaks down at
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across the wider wavelength range of 7.5-13.5 um.

shorter wavelength and the CDE model predicts unrealistically high
MEC values; values of R? are low.

4.3.2. T-matrix modelling of a distribution of spheroids

Fig. 9 shows how the spheroidal cross sections per particle,
(o®(&)), calculated using T-matrix theory, vary with the shape
factor, £. 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 as-
suming the crystalline complex refractive index and the size distri-
bution of Sample A (crystalline); differences between (o ®(&)) for
the two crystalline samples were small. Differences between the T-
matrix results for spheres (§ = 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 crys-
talline 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 fea-
ture broadening as the shape factor deviates from zero (spheres) to
more oblate (§ > 1) or prolate (§ < 1) shape factors. The broad-
ening is much more significant for the amorphous case; the rela-
tive extinction at A > 9.3pum 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, w;, of the cross
sections were retrieved — according to Egs. (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 re-
trieved relative weightings are shown by the bar-plots to the right.

For the two crystalline sample, two retrievals were performed: one
using cross sections generated using the crystalline complex re-
fractive index only; and a second using both amorphous and crys-
talline cross sections (assuming an external mixture of crystalline
and amorphous particles, both having the same particle size distri-
bution).

Considering the amorphous result first (Sample C),
Fig. 10 shows that the T-matrix approach provides an excel-
lent fit to the experimental data; the R% value for the fit is 0.995.
The fit to the 9 pm absorption feature is very good, but the
modelled extinction slightly underestimates the extinction of the
12.5um 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 (R? of 0.91 for the SA method)
compared to Sample B (R? of 0.72 for the SA method). However, in
both cases the measured extinction feature at 9um is broader than
the modelled version. The retrieved weightings, w;, for the two
samples are similar showing a central grouping clustered around
& =2, and relatively high weightings for the extreme prolate
(£ =9) and the extreme oblate (§ = —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 9um feature.
R? values for the mixture approach are significantly higher at 0.98
for Sample A and 0.97 for Sample B. The retrieved weightings sug-
gest 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 mix-
ture of amorphous and crystalline particles may indicate that a sig-
nificant 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 par-
ticles 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 accu-
rately measuring the spectral mass extinction, at 0.33-19um, and
size distribution of solid aerosol particles dispersed in nitrogen gas.
Initial measurements on high purity crystalline and amorphous sil-
ica 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 dis-
perse the powdered samples into the aerosol cell. The WDF was ef-
fective in providing a reproducible and near-constant number den-
sity of dispersed aerosol into the gas flow, allowing repeated spec-
tral and sizing measurements of the aerosol and good estimates of
measurement uncertainty. Mass loading filter measurements pro-
vided a high level of confidence in the mass of aerosol per unit
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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 proper-
ties [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 compo-
nent only.

The modelling results confirm that Mie theory provides a poor
fit to the infrared extinction features of quartz. However, the dis-
crepancies between amorphous silica and Mie theory are signifi-
cantly lower. This is due to differences in the complex refractive
index: the infrared features of the complex refractive index of crys-
talline quartz show significantly narrower and higher peaks com-
pared 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 refrac-
tive index is assumed are relatively small compared to the large

differences in the model predictions for crystalline quartz. This em-
phasises 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 fur-
ther 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 in-
put 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 sil-
ica.

The modelling results show that the Rayleigh CDE model pro-
vides 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 exper-
imental data rapidly deteriorates. However, the CDE model has
been shown to provide poor fits to the infrared extinction fea-
tures of other important components of mineral dust such as cal-
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cite and dolomite (even within the Rayleigh regime) [51]. The sig-
nificant advantage of T-matrix methods, assuming a distribution of
spheroids, is their versatility in matching light scattering proper-
ties 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 distri-
bution of spheroidal shape factors and retrievals was performed to
find the weightings of cross sections (constraining the total num-
ber 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 sam-
ples 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 R? 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 investiga-
tions 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 mod-
elled extinction for wavelengths in the range 0.33-7.5pum. R? val-
ues were above 0.92 for all samples in this wavelength range.

The quality of the T-matrix fits to the experimental data sup-
ports the accuracy of the extinction and sizing measurements. The
fits using the T-matrix approach and the CDE model are consis-
tent 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 ca-
pable of measuring the particle size distribution and spectral ex-
tinction over the complete range of wavelengths relevant to atmo-
spheric radiative transfer at a higher spectral resolution than pre-
vious measurements of quartz. Furthermore, we provide estimates
of the measurement uncertainty associated with the mass extinc-
tion coefficients. In the future, results for the mass extinction co-
efficient and size distribution of various volcanic ash samples, as
well as candidate geo-engineering particles, will be presented.
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