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Infrared Optical Constants for Carvone from the Mie Inversion of Aerosol Extinction
Spectra
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Frequency-dependent, complex refractive indices for carvone in the mid-infrared from 750 to 5000 cm
have been inverted from the Fourier transform extinction spectra of laboratory-generated aerosols recorded
at room temperature. The refractive indices obtained in this analysis are in good qualitative agreement with
the results of a previous thin-film study of carvone. However, a full quantitative assessment of this agreement
cannot be made as tabulated data for the previous study are no longer available. The refractive indices, or
optical constants, reported here add to the small number of frequency-dependent refractive index data sets
for other organic compounds that are available in the literature. Such data can be used to elucidate the optical
properties of a substance, which are of critical importance in the interpretation of remote sensing data and in
the evaluation of how atmospheric particulate matter consisting of organic compounds may affect climate

change.

1. Introduction As with inorganic particles and gas-phase molecules, organic
aerosols principally interact with solar (short-wave) and ter-
restrial (long-wave) electromagnetic radiation. During this
interaction, photons may be absorbed and converted into other
forms of internal energy within the aerosol or scattered into
directions other than their incoming trajectories. Together, these
two processes contribute to the extinction of light by the aerosol
and have the potential to directly affect climate by altering the
amount of light passing through the troposphérd-or instance,
particles tend to become more efficient at scattering photons
whose wavelengths are comparable to the diameters of the
particles. Small organic aerosols, like SOAs, are therefore
thought to be able to scatter short-wave radiation back into
space, thus providing a cooling component to the climate.
Organic compounds also often have a rich manifold of absorp-
tion bands in the mid-infrared due to molecular vibrational
modes. Aerosols consisting of organic materials, particularly
those with bands in the atmospheric window between 8 and
12 um, may act like greenhouse gases by absorbing and
reemitting infrared radiation. In this manner, organic aerosols
may make a small contribution to climate warmifgConse-
quently, a full assessment of the direct effect of organic particles
on climate hinges on how well their ability to absorb and scatter

Aerosols are now recognized as having a potentially signifi-
cant impact on the environment with regard to human health,
ozone depletion, urban smog, visibility, and climate change on
both local and global levels. The absolute environmental impact
of these small particles cannot be fully evaluated at this time
due to incomplete knowledge about their chemical, optical, and
physical propertiésas well as their complex spatial and temporal
distributions throughout the atmosphénsowhere is the lack
of information on aerosol properties more obvious than in the
troposphere. The term tropospheric aerosol alone covers five
different classifications of particles including soil dust, sulfates,
sea salt, soot, and organic aerosols; of these, only sulfate par
ticles have been characterized to any extedtganic aerosols
are, however, the least understood although they contribute
greatly to the amount of particulate matter in industrialized and
urban aredsand play roles in a variety of natural phenomena
such as haze formation in nonurban settingSince many
different anthropogenic and biogenic sources inject organic
compounds into the troposphere, the composition of organic
aerosols and their modes of formation can vary a great deal
and depend heavily on a number of parameters including geo-

graphic location, season, weather, and time of day. For example,’ . . o
primary organic aerosols (POAS) are emitted directly into the !lght can be characterizé@ Such optical characterization is also

troposphere by some mechanical means such as the Windmportantinthe interpretation of data collected in remote sensing
abrasion of plant leavé8 or the breaking of waves on bodies applications designed to probe the properties of naturally

of water? As such, POAs tend to be in the form of oil droplets occurring gerpsolé@ ) .

or waxy solids made from high molecular weight compounds. 1 h€ extinction of light by an aerosol is not only dependent
They typically are present in small numbers and have effective on particle size but particle shape and n_umber density as well.
diameters greater tharin, which cause them to quickly settle 't /S0 depends on the frequency of the ligh{expressed here
out of the atmosphere. Secondary organic aerosols (SOAs), o Units of wavenumber, cr), through the complex refractive
the other hand, are formed when low vapor pressure, gas-phasén(_i'ces"_\" of the material from which the aerosol is made. Here
products of organic oxidation reactions either undergo homo- N i defined as

geneous nucleation or condense onto preexisting parfiti&s. . o

Unlike POAs, SOAs have diameters less thapri, higher N(¥) = n(¥) + ik(¥) (1)

number densities, and lifetimes that can span days. o
wheren andk are the real and imaginary components of the

* Corresponding author. E-mail: rniedzie@condor.depaul.edu complex refractive indices, respectively. The latter determines
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Figure 1. Two-dimensional representation of the molecular structure

of carvone. Cooling coils —
the absorption characteristics of the material while the former

is responsible for photon redirection within the substance. When
used with an appropriate optical model such as Mie scattering
theory for spherical particles, the complex refractive indices, ||

Stainless steel spacer

—— Observation ring

or optical constants, as they are also referred to, may be used
to reveal the optical properties of an aeroSol® Despite the
availability of many reference spectra, however, very little I N
refractive index data for organic compounds appear to have been
reported in the literatur®. Indeed, a recent search yielded
infrared optical constants for only benzefié!chlorobenzené? To manifold and pump

Chloroform?l toluer_1e2,3 dichloromethané; methanof? products . Figure 2. Schematic diagram of the aerosol flow cell. The cell is made
of vegetation buming’ several terpenes and polycyclic aromatic  from three sections of copper tubing, each of which is temperature-
hydrocarbons (PAHSY, and most recently, dihydroxyacetoffe.  controlled by a recirculating chiller. Carvone aerosols are injected at
In addition to this lack of primary optical data, a more thorough the top of the cell and eventually flow through the observation ring
understanding of how best to use the complex refractive indiceswhere they are probed by the beam from the FT-IR spectrometer. In
of pure compounds to model optical properties of actual particles this diagram, MFC represents a mass flow controller, Vap the aerosol
is needed. As previously mentioned, organic aerosols are likely Y2POrZer source, and CM the capacitance manometer.

to be composed of many different components and their overall
optical characteristics will undoubtedly be influenced by the
mixing state of their constituent materi@ksMany questions
still remain as to how optical constants of pure components
should be “mixed” to best optically describe actual particles 2. Experiment
found in the atmospherg.29-31

MB-104

be made since the SKO data set is no longer available in
tabulated fornf?!

In this paper, we report the infrared (IR), frequency-dependent 2.1. Aerosol Flow CeI_I.Carvone aerosols Were_studled ina
complex refractive indices for carvone at 25. The refractive ~ NeWly constructed laminar flow cell that consists of three
sections of 7.72 cm diameter copper tubing as shown schemati-

indices were obtained from a Mie inversion of aerosol extinction . Sor .
spectra using a procedure that is based on a method previoushfa!ly In Figure 2. The top section is 20 cm long and is separated

reported in detail by Clapp et &.and has been used elsewhere (oM the 105 cm long middle sectioryka 5 cmlong, thin-

to determine the optical constants of other materials with Walled stainless steel spacer. The bottom section has a length
atmospheric relevané®: % It has been suggested that optical ©f 10 ¢m and is connected to the middle sectignebs cm

data from such laboratory-based aerosol observations may bettefick observation ring. The ring was machined from solid brass

represent actual atmospheric particulate matter than those from?1d contains six equally spaced radial ports through which the
bulk or thin-film studies, especially when interactions at the 2€rosol stream may be observed. Of these, two ports are enclosed

material/substrate interface are possilas for the particular ~ PY 25 mm diameter Cleartran windows (Janos Technologies)
molecule studied here, carvone (8140, see also Figure 1) through which the spectrometer beam_passes. qu other ports
belongs to a class of compounds known as monoterpenes, whictf'® sealed by 25 mm diameter borosilicate glass windows and
are naturally occurring materials that are biosynthesized in @llow the aerosol stream to be visually inspected. Finally, one
plants. Monoterpenes are principally characterized by their ©f the two remaining ports houses a sampling probe for a MKS
carbon content (), come in a variety of cyclic and acyclic 390HA capacitance manometer that is usgd to monitor the cell
structures, and typically contain at least one unsaturate@site. Pressure. Each port is offset from the main aerosol flow by 3
Once emitted into the troposphere, monoterpenes can beCM tO avoid contamination of the wmdov_vs via deposition. All
oxidized by species such as;,GHO, and NQ, thus making seals between the_wmdows and observation ring, as well_as_seals
them active participants in tropospheric chemistry. Carvone itself Petween the sections of the flow cell, are made from indium
is an a,B-unsaturated ketone and is found in many essential WIre.

oils including those of dill, caraway, and spearnffhlthough The temperature of the top section was regulated by flowing
carvone is not emitted at a rate comparable to other monoter-50% (v/v) ethylene glycol from a recirculating chiller through
penes such as- andS-pinene, its structure nonetheless gives a copper coil that is soldered to the cell wall. Coils for the middle
rise to spectroscopic features that are representative of materialeind bottom sections, along with the observation ring, are
that might be found in actual organic aerosols. One patrticularly connected in series to a separate chiller and are regulated in
important structural feature of carvone is the carbonyl functional the same fashion. While the stainless steel spacer between the
group that is present in aldehydes and ketones, two types oftop section and the remainder of the cell permits the top of the
products formed as a result of the gas-phase oxidation of organiccell to be independently temperature-controlled, in these experi-
molecules'*® The present complex refractive indices will be ments, all sections were maintained at a temperature o298
qualitatively compared to those of Sutherland et al. (SKO) 1 K as measured by an array of six strategically spaced platinum
which were obtained by inverting thin-film transmission mea- resistance thermometer sensors (RTDs, Minco Products, Inc.).
surements. Unfortunately, a full quantitative comparison cannot To minimize temperature fluctuations due to contact with the
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To flow cell N2 intercepted by another 9@AP that focused the infrared light
/ onto a 1 mM mercury-cadmium-telluride (MCT) detector
(EG&G J15D22-M205-S01M-60). The detector signal was
Reservoir amplified 1000 times (EG&G PA-101) before being sent into
the spectrometer's data acquisition interface. The aerosol
Stopeock ——— extinction spectra used in this study represent the co-addition
/

of twenty interferograms, each recorded with a resolution of 2

/
\\J cm™! and referenced against a background spectrum that was
taken with nitrogen flowing through the cell just prior to starting
Ballast bulb up the aerosol source. Empty cell spectra were taken periodically
to ensure that materials were not deposited on the flow cell
Heated region windows that would otherwise affect the recording of aerosol

extinction spectra. To avoid potential photometric errors due
Figure 3. Schematic diagram of the vaporizer used in this study. The to nonlinear behavior in the MCT detector at high absorbance
vaporizer is constructed from borosilicate glass. Heat is applied to the values, we took care to use only those spectra whose absorption
bottom of the vaporizer through a piece of resistive heat tape wrapped hand heights were near 0.8 or below. Richardson &t mbte
around the tube. that most spectrometers that utilize MCT detectors behave

. . . linearly over this range. We found this to be true in the case of
atmosphere, the entire flow cell assembly is enclosed in anhe present system based on unrelated calibration studies
acrylic vacuum jacket. involving gas-phase absorption measureméhts.

2.2. Aerosol Generation.Carvone aerosols were produced  Thin-film spectra of carvone were recorded using the
via homogeneous nucleation in a glass vaporizer (Figure 3). sampling region on top of the FT-IR spectrometer. In this case,
The vaporizer is similar to that used by Lovejoy et their background spectra were recorded by placing two KBr disks
work with sulfuric acid aerosols. In the present case, however, back-to-back in a mount at the focus of the infrared beam. A
a filling reservoir and ballast bulb were added to facilitate the gma)| drop of carvone was then placed on the top edge between
online replenishment of carvone. BrieflyR)(—)-carvone  the disks and allowed to wick between them. The attenuation
(Aldrich, 98%, used without further purification) was placed f the infrared beam was measured by a room-temperature
into the source reservoir and allowed to flow into the vaporizer pTGs detector over a range from 700 to 5000~énat a
and ballast bulb until each was half full. The bottom of the yesoution of 2 cm?. As with all aerosol extinction spectra, the
vaporizer was heated to increase the local vapor pressure Ofyin_film spectra represent the co-addition of twenty interfero-
carvone. A regulated stream of nitrogen (99.998%) establishedgrams. The KBr disks used in the thin-film measurements were
by a mass flow controller (MKS 1179A) with flow rates up to 5 rposely not clamped together in order to minimize, but not
10 standard liters per minute (sim) was then allowed to pass compjetely eliminate, the appearance of sinusoidal interference
through the vaporizer, sweeping carvone vapor out of the heatedspectra which usually appear in systems with optically flat,
region into the relatively cooler output arm of the vaporizer. hargjlel plates. When weak interference spectra were observed
Here, the vapor became supersaturated and the formation ofy the thin-film baseline at high wavenumber, they were
carvone aerosol ensued. The particles remained in the nitrogentemoved by subtracting the resuits of a nonlinear, least-squares
stream and were subsequently injected through one of five portssjnysoidal fit of the extinction data in this region from the
at the top of the flow cell. An additional mass flow controller  ;nserved thin-film spectrum.

was available to admit nitrogen into the cell through one of the  ~510ne spectra in the visible and ultraviolet (UV) regions

other injection ports to change the overall flow, if needed. The ¢ 1 glectromagnetic spectrum were recorded from 12000 to
contents of the cell were removed from the bottom section by 50000 cni! on a Cary/l UV-visible spectrometer using

a cryotrapped mechanical pump (Edwards RV-12). Amanifold ,5icheq quartz cells and spectroscopy grade cyclohexane
of metering needle valves was used to throttle the flow out of (Aldrich) as the solvent.

the cell and, when coupled with the mass flow controller
settings, established the desired steady state pressure in the ceﬂa
during each run. The median particle size produced by the
vaporizer is primarily a function of pressure, flow rate, and
temperature. In general, the production of large particles with

radii much greater than Am was favored under conditions of flowing 50% (v/v) ethylene glycol from a recirculating chiller

g'gh I{Jres?_u:e, h'gt?l vag_(_)rllzer E[(;mperature, tﬁnd It(?]w flk(])w éate. through both prism mounts. All temperatures were recorded at
mall particles with radii less thandm, on the other hand, oo g outlet with an RTD tat 0.01 K.

were preferably formed under conditions of lower pressure and
higher flow rate.

2.3. Extinction Spectra. Aerosol extinction spectra were
recorded over a range from 700 to 5000 énby a Bomem 3.1. Background. Inversion methods are routinely used to
MB-104 benchtop Fourier transform infrared (FT-IR) spec- extract fundamental properties of matter that cannot be obtained
trometer. The optical path from the spectrometer to the detectordirectly from experimental measurements. Such is the case for
was evacuated through the vacuum jacket surrounding the flowcomplex refractive indices, which are usually retrieved from
cell while the spectrometer itself was purged with flowing measurements of reflectivity, angular scattering, or extinction
nitrogen (Figure 2). More specifically, the infrared beam emitted with the aid of a suitable optical mod¥l.Aerosol extinction
from the side port of the spectrometer was directed through the spectral, are readily obtained in the laboratory or field (e.g.,
flow cell by a pair of 90 off-axis paraboloid (OAP) mirrors  satellite observations) by measuring the frequency-dependent
that also reduced the beam diameter by a factor of 2 in order toattenuation in the irradiancé, of a beam of light as it passes
pass through the cell windows. Afterward, the beam was through an ensemble of particles. After accounting for attenu-

2.4, Temperature-Dependent Measurements ofip. The
mperature dependence of the real refractive index at the
sodium D-line (589.3 nm)np, for carvone was measured to
within 4 0.0001 using an Abbe refractometer (Bausch & Lomb).
Temperature control of the refractometer was achieved by

3. Mie Inversion Procedure
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ation due to gas-phase species, the observed reduction i
irradiance is due to the absorption and scattering of photons by
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the particles, as shown in the Bedrambert law of extinction

E() = —n(0) = (@ad?) + osedPDL (2) oo mmmmmmooes g §

Calculate n using

wherely is the irradiance of the beam incident upon the aerosol, PRAXIS KK relationship
Oabs and ascq are, respectively, the volume coefficients of v
absorption and scattering, ahds the path length through the Perform Mie
aerosol. Mie scattering theory is the natural optical model of calcutation
choice to use in inverting aerosol extinction spectra, especially v

Compare observed

when the particles under study are, or are approximately,
spherical and their diameters are comparable to the wavelength
of light. Mie theory provides the connection between the volume
coefficients in eq 2, the geometry of the particles, and the optical A
constants of the material, or materials, that the aerosol is made
from. Indeed, Mie calculations are frequently performed to
compute the absorption and scattering characteristics of aerosols
for which particle sizes and refractive index data are available.
However, the use of Mie theory in the retrieval of complex
refractive indices from extinction spectra is not as straightfor- Yes
ward and can yield results that are not unique unless the
inversion procedure is properly constrairfédne such con-
straint is the use of particle size distribution to weight the
computed extinction components. The distribution can be
independently measur&d'™ or assumed to have a functional
form32 In either case, a log-normal distribution function,
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Figure 4. This flowchart depicts the general logic flow of the inversion
procedure. The dashed box encloses those operations that are carried
out within each PRAXIS minimization.

Pn(rirgog) =

1
—— ex
V2narino, ;{

is typically used to represent a range of aerosol sizes wtisre

cannot be, easily measured. In that method, they assumed their
particle sizes to be distributed log-normally per eq 3 and
admittedrg andog as variable parameters in their procedure. In
the particle radius,q is the geometric mean (or median) radius, addition, they initiated their Mie inversion with an estimate of
anday is the geometric mean standard deviafidmhis function the frequency dependence loby exploiting the relationship

has been shown to yield good empirical fits to measured size petween the imaginary component and the absorption coefficient
distributions for many natural and laboratory-generated aero-
sols%6 Another constraint that is placed on Mie inversions comes
in the form of the KramersKronig (KK) dispersion relationship
between the refractive index componentandk

k= o, J4mv (5)

for a “nonscattering” aerosol extinction spectrum. Singgs
5 ) > asgafo_r such spectr.a, they assumec_:l thatas directly related
n(#,) = n(w) + =P J; ﬁd& (4) to E/v via eq 2 and' mtroduced a t.hlrd parameter to act as a
T @ =) proportionality coefficient that principally accounts for the fact
that the path length through the aerosol used in their study was
which shows thah at any particular frequency depends on not accurately known. This set of imaginary components was
n(e), the real component at infinite frequency, and the integral then used in a subtractive KK calculation to determmell
over the imaginary components of the complex refractive indices three parameters were varied in a nonlinear, iterative least-
at all frequencies, where indicates that the Cauchy principal squares routine until the best possible agreement between the
value is to be takef¥. computed and an observed aerosol extinction spectrum was
Inversion methods are typically classified as either analytical achieved. While the fits of Clapp et @ generally showed good
or empirical, depending on the techniques used in inverting the agreement overall at the end of this iterative process, some
experimental dat& Most Mie inversions fall under the latter  spectral mismatches did occur at the local band level. These
classification due to their use of iterative procedures in which mismatches were ultimately due to the assumption of linear
the parameters of the optical model, or the optical constant dataproportionality betweek and E/¥ which, strictly speaking, is
itself, are varied until the deviations between the Mie spectrum only valid for bulk measurements in cases where the detector
predicted by the optical model and an observed extinction is optically identical to the surrounding mediaReflections
spectrum are minimize®®.For example, studies done by Milham  off of windows or other materials along the optical path also
et al*> and more recently by Signorell and Luckh#usmploy contribute to observed extinction measurements in a manner
procedures in whick is numerically adjusted at each frequency, that is not directly related to absorption by the material under
followed by the recalculation ofi via the subtractive KK study?® In reality, therefore, the proportionality coefficient
relationshig®-5! until the Mie scattering spectrum computed described above is a weak function of frequency, a fact that
from these data best fit an experimental spectrum for an aerosolwas corrected for in different ways by Clapp etahnd the
whose size distribution was independently measured. Clapp etother studies that have used their inversion mefiot.
al32 (see also refs 3336) devised a Mie inversion method for 3.2. Initiation. The current inversion procedure, summarized
cases in which the particle size distribution is not, or simply by the flowchart in Figure 4, closely follows the method
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Figure 5. Thin-film carvone spectrum that was used to estinaaé
the outset of each inversion.

established by Clapp et &In this study, however, we explored
the possibility of using a thin-film instead of a nonscattering
aerosol extinction spectrum to obtain an estimate of the
frequency dependence kfthroughout the mid-infrared since
it too is dominated by absorption. Indeed, thin-film spectra have
been used to provide “apparent” imaginary values in other
optical constant retrieval methdd§'-52and in fact, this may
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into three parts (see eq 7) wheéfeand?y, indicate the low and
high wavenumber limits of the experimental frequency range,
respectively, andy < ¥ < ¥,. The denominators in the integrals
of eq 7 cause the value of?;) to be most affected by imaginary
components in the immediate vicinity &f; therefore, ag;
approache$, or 7, n becomes more dependent on valueg of
just outside the experimental frequency range. This is not a
problem if the imaginary components in the outer regions are
exactly equal to zero. In the case of carvone and most other
organic substances, however, this is not necessarily true.
Rotational and vibrational modes give rise to nonzero imaginary
components fol? < ¥ as do electronic transitions far> vy,
Since the low-frequency integral in eq 7 is inherently negative,
ignoring its contribution causes a positive deviatiom() near
7 while ignoring the high-frequency integral has the opposite
effect on the real part of the complex refractive indices near
Ph

To minimize the deviation im at low wavenumber, th&
spectrum is usually extended past the low-frequency cutoff
through one of several different techniques. This operation in
effect admits additional imaginary components for consideration
in the low-frequency integral and hence reduces the truncation
error in the real component @t One such extension technique
involves making an assumption about the behaviok piast
the low-frequency cutoff. For example, in their work on sulfuric
acid refractive indices, Tisdale et ¥l.set the imaginary
components below 500 crh equal to the value ok at 500
cm~1, the lowest frequency in their data set. Biermann €et3al.,

be more convenient to measure depending on the conditionson the other hand, assumed thkanonotonically decreased to

under which the material is being studied. The thin-film

zero at 0 cm? from the end of their sulfuric acid data sets at

spectrum shown in Figure 5 was used to provide a set of scalables00 cnt. Alternatively, low-frequency data from other studies

imaginary components by substituting the Beeambert law
for an extinction spectrum in whiahsca= 0 into eq 5 to obtain

(6)

wherek = (E/7)/(E/7)max IS @ unitless imaginary component
template spectrum whose maximum value is set to unity,
(E/V)maxis the maximum value oH/7) in the experimental thin-
film spectrum, and« = (E/V)maf4nL is a unitless scaling
parameter that will be used in the current iterative inversion

K(7) = E(@)/4rLi = kK ()

may be grafted onto experimental measurements as Niedziela
et al. did in their optical constant retrievals for nitric acid
dihydraté* and sulfuric aci® While these methods reduce the
errors inn at the low-frequency cutoff, care must be taken in
how and when they are applied. As Lund Myhre etéghoint

out, the magnitude of the optical constants may still be
significantly affected if the extension method does not take large
values ofk into account for materials that have strong absorption
features in the far-IR.

procedure to account for the fact that the thickness of the carvone Our approach in this St‘édy is similar to the extension method
film is not accurately known. This parameter also happens to utilized by Niedziela et al® In the case of carvone, imaginary

conveniently represent the maximum value of the imaginary

components at frequencies below the end of our data set at 700

components and will be used later as a check on the precisioncmfl were not experimentally available. Instead, we digitized

of the method. Once the imaginary component template
spectrum is created, the original thin-film spectrum is no longer
referred to in the inversion procedure.

Before converting the thin-film data tolaspectrum via eq

a reference extinction spectréhof carvone between 450 and
700 cm! and scaled it to match the experimental thin film at
700 cnTt. This working data set was then expanded to include
experimental extinction data through 750 ¢mA cubic spline

6, it must be noted that the transmission characteristics of opticalinterpolatiort® of the expanded set was then performed to extend
components, detector efficiency over the electromagnetic spec-the thin-film extinction spectrum to 450 crhat the frequency

trum, and other instrumental limitations necessarily restrict

interval of the experimental spectrum before its use in eq 6. An

extinction measurements to Spectra' windows and’ as a result,expanded view of the result of this extension Operation is shown

the integral in the KK dispersion relationship (eq 4) cannot be
fully evaluated. It is well-known that the truncation of this
integral can lead to errors in at either end of the frequency

in Figure 6.

The high-frequency integral in eq 7 covers, for all practical
purposes, frequencies in the near-IR, visible, and ultraviolet

range, hence it is important to understand the impact of the regions of the electromagnetic spectrum. The imaginary com-
imaginary parts of the complex refractive index in regions ponents are expected to be quite small throughout the near-IR
outside the experimental frequency range on the calculation of and visible regions for colorless compounds such as carvone,
the real parts withif%355354The KK integral may be separated thus their contribution ta near?, can be neglected. This is

oy 20 VE(V) 2 h vk(V) 2~ vk(V)
n(7)=n()+=; ————(ﬁz_ﬂz)dv+”.|; —(Vﬂ_Viz)dv+”fﬁh——(ﬁz_ﬁiz)dv )
low experimental high
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Figure 6. Detail of the extension to the thin-film spectrum. The solid
line represents the spline interpolation of the digitized reference
spectrum and the experimental spectrum between 700 and 750 cm
The dashed line shows the original thin-film spectrum.

indeed verified by the lack of extinction in the UWisible
spectrum of carvone up to 25000 ch(Figure 7). Two bands
appear in the UV near 30000 cm(333 nm) and 44000 cm
(227 nm), both of which are consistent with red-shifteez*
andszr—* transitions, respectively, in the carbonyl chromophore
of a,f-unsaturated ketones. The molar extinction coefficient for
the first band is on the order of 1Q mol~* cm™%, while that
of the second is 0. mol~1 cm™. These values imply that the
imaginary components in the UV are most certainly not equal
to zero. Their contribution ta near?, though is mitigated by
the fact thaty > ¥, Since the overall impact of the high-
frequency integral in eq 7 is expected to be small at best, we
have takerk to equal to zero at all frequencies above 5000%m
the end of our experimental data set.

3.3. Kramers—Kronig Calculation. Several different nu-
meric methods can be used to evaluate the KK integral in eq 4,
each of which, in its own way, addresses the imbedded pole

Dohm et al.
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Figure 7. UV—uvisible spectrum of carvone (in cyclohexane) from
12000 to 50000 crrt. The inset spectrum shows the detail of the region
up to 40000 cm?.
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and the fact that the imaginary components are discrete, digitizedrigure 8. Plot of np versus temperature. The linear fit yielded a

sets of datd”-5"*8Here we use a method based on Maclaurin’s
formula as presented by Ohta and Isffda calculaten. The
method requirek to be equally spaced and is particularly
appealing because its simplicity minimizes computation time
and it avoids the use of approximations around the pole. In this

temperature dependencergf = (1.6247+ 0.0009)— (4.28+ 0.03)
x 1074 K71 T, which in turn was used to interpolatg at 25°C.

component is sensitive to changes in density and is therefore
implicitly dependent on temperature. We measured the tem-

case, the real component at a particular frequency is given byperature dependence of for carvone as described above in

1
—+
V=

G N
n(¥;) = n() TZ (V;)[

} ®)

where AV is the spacing between successive data poits,
indicates that every other data point is included in the summa-
tion, and the starting value for indg¢xdepends on the value of

i: wheniis odd,j = 2,4,6,..., otherwise for evanj = 1,3,5,....

In the present studyy is always calculated for all frequencies
from 450 to 5000 cm!.

7+ 7

order to interpolate its value at 2% for these experiments.
The data, shown in Figure 8, were treated to a linear-regression
and yielded a temperature coefficiediy/dT, of (—4.28+ 0.03)

x 1074 K™%, a value consistent with most organic liquids.
Based upon these resultgg) was set to 1.49% 0.001 in all

KK calculations.

3.4. Mie Scattering Calculations Mie scattering calculations
were carried out using a modified form of Bohren and
Huffman’s BHMIE routine which calculates extinction and
scattering efficiencies for a spherical particle of size parameter
x = 2zrv that is made from material having optical constants

The only term in eq 8 that has not been addressed up to thisn(#) andk(¥).1” The efficiencies are used to calculate frequency-

point is n(«), the value of the real component at infinite
frequency. For colorless materials, it is customary tongef

equal to the value of the real component at some frequency in

the visible region that is far enough away from both IR and
UV absorption band® A convenient value isp, the real
component at the sodium-D line (16965 thor 589.3 nm) that
is usually tabulated for most materials at 20. The real

dependent, average extinction and scattering cross-sections
weighted by the log-normal distribution function via

Tl 3 Pnliry 0 Qo) KFDAT
r=rgog
©
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080 is linearly proportional t&/?¥ from the nonscattering thin-film
extinction spectrum. To eliminate these small discrepancies, we
employ a technique to correktin a manner that is analogous
0604 to the method used by Hawranek et al. to compensate for
dispersion-related distortions in their thin-film studfés.

The discrepancy calculated abovs, can be written as the
sum of two component®Eapsand AEsc, Which correspond to
discrepancies in the absorption and scattering components of
the spectra. The absorption component may be writteXEags
= NA[CahdI= NAaapd VL where [CypdJand [VOrespectively
; represent the average absorption cross-section and volume of
0.00 : , : the particles. Substituting eq 5 into this expression along with

0.05 [VO= 4x1%13, where®is the average cubic radius of the
000M-—-——- particles, yields, upon rearrangement,

-0.05

-0.10 v T v T T T v T v 1 AEab;’T})

750 1000 1250 1500 1750 2000 Ak(,"j) - T (10)
Wavenumber (cm™) 167°Ny313

Figure 9. The top panel contains detail of the state of a Mie inversion . . L .
after the first minimization up to 2000 crh The solid line shows the ~ Which relates discrepancies in the absorption component of the

experimental aerosol spectrum while the dotted line represents the@erosol extinction tak, a discrepancy in the imaginary part of

results of the Mie calculation. The lower panel shows the difference the complex refractive index at each frequency. Although the
between the two spectra. Note the good agreement between the two avalue of AEgyscannot be directly determined, it can be estimated
this point in the inversion. The minor discrepancies displayed here more from results of the Mie scattering calculations. Using the

than likely come from the estimatddused to start the inversion. The o 4ignshin between the absorption and scattering components
ensuing corrections will minimize the difference between the two L .
of extinction, AEaps may be written as

spectra.

0.40

Extinction

0.20

Diff

where[Cex{lis the average extinction cross-sectiQay: is the AE, (7) = AE()|1 — AE{7) —
particle extinction efficiency, andr is the log-normal distribu- ab AE®")

tion step size, which was set to 0.04n in this study; the (NALT, (7))
average scattering cross-sectitbsc{, is obtained by substitut- AE(T/)(l — %) (11
ing the particle scattering efficiencyQsca for Qex in this (NALC,, ("))

equation. The bounds of the summation were chosen to include
99.7% of all particle radii in the distribution. Equation 9 was Assuming that the ratio of scattering to extinction is the same
evaluated at every data point between 750 and 5000 dime for bothAE andE, the term NALCscJ/(NALCexl) in €q 11 can
experimental points between 700 and 750 &mvere not  be replaced withCscd[Cexl] Defining Ak ask!* — k where
included in the Mie calculation due to their use in extending ki*Dis the set of corrected imaginary components to use in the
the frequency range of the scalaklspectrum discussed above. Nnext minimization and? is the set of imaginary components
3.5. Comparison of Spectra, Iteration, and Corrections obtained m_the current minimization, and substituting eq 11 into
to k. The average extinction cross-sections need to be properly€d 10, provides a means to generate a corrected set of imaginary

scaled in order to compare the computed Mie and observedCOmponents at the end of a PRAXIS minimization via
aerosol extinction spectra. This is accomplished by first - - -
calculating an internal scaling factdd,= E(¥\)/[Cex(7n) [ at a k(T/)('“) _ k(T/)(') i AEW)[1 — ([C {v) T, (v)0]
frequencyvy far from any region in the spectrum that contains 162NPIeIR

absorption bands, which in this study was chosen to be 3500 (12)
cm~1. The scaling factor represents the product of the particle ) ] )
number density and the path length through the aerosol, both In.th|s study, the correction procedure was automatically
of which are not directly measured in this study, and is used in @Pplied as long ag’ continued to decrease by more than 0.05%
the calculation of the sum of the squares of the discrepanciesre|a“Ve to its value at the end of the previous minimization.
between the computed and observed spegira 5 (AE())?, . )

where AE(%) = E(7) — NICex(7)Jand the sum is carried out 4 Results and Discussion

over all experimental frequencies between 750 and 5000.cm Six spectra, shown in Figure 10, were chosen from several

Brent's iterative nonlinear least-squares procedure PRAXIS different experimental runs and subjected to the Mie inversion

is used to minimize,? through the variation of parameterg procedure described above. The inversion for each spectrum
og, andx. was initiated with the scaling factor set equal to 0.40 and

As Clapp et aP? observed in their work, there is good overall  values ofrq and o4 as shown in Table 1. All entries in this
agreement here between the computed and observed carvontable are unitless, except for the geometric mean radii which
aerosol spectra afte? has been minimized, but small discrep- are given in units of micronsufm). The initial fit parameter
ancies do exist between them on a local band level, an examplevalues were not chosen randomly, but primarily based on our
of which is shown in Figure 9. The fact thalE is not experience in analyzing other aerosol extinction spectra. Table
necessarily equal to zero at each experimental frequency canl also lists the final values of the three fit parameters in addition
be due to uncertainties in the optical constants or the true to the number of minimizations needed to achieve convergence.
character of the particle size distribution. Neglecting the latter All six refractive index data sets were then averaged to produce
for now, the former is undoubtedly related to our assumption the final set of data shown in Figures 11 and 12 along with the
that the imaginary component of the complex refractive index SKO?” optical constants, which were digitized directly from the
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Figure 12. The top panel shows the real component spectrum. The
solid line represents the present real components while the dotted line

Wavenumber (cm™)

Figure 10. Six aerosol extinction spectra used in this study. The spectra
were selected out of groups from se\_/eral d_n‘ferent experimental runs shows the digitized SK& data set. The lower panel shows the
and are offset here for clarity. As mentioned in the text, we were careful difference between the two sets

to select spectra that showed evidence of both absorption and scattering. '
Scattering of light by the particles manifests itself as a sloping baseline 45

on top of which the absorption bands are superimposed. The spectra 1
labels correspond to the entries in Table 1. 1'7'_
164 . n
0.4 15 A
3 144
el 4
0.3 £ 4134
CI>J 4
'§ 1222 —— Presentdata
02 & 049 el Sutherland, et al. n
X na:) ]
0.3
0.1 0.2 4
0.1
0.0 —rr T 7T 0.0 =
02+ ) v 1 v 1 v 1 v Ll M Ll 4 L] N 1 v Ll v 1 v 1
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a _8“1’;"["7 v ‘v Wavenumber (cm™)
0t Figure 13. A detailed view of the discrepancies between the present
1000 1500 2000 2500 3000 3500 4000 4500 5000 optical constants and the SKOdata set. While there is general
Wavenumber (cm™) agreement between the band positions in these spectra, there are

Figure 11. The top panel shows the imaginary component spectrum. differences in certain bandwidths and heights.

The solid line represents the present imaginary components while the o )
dotted line shows the digitized SROdata set. The lower panel shows due to the digitization of the poorly resolved literature plots.
the difference between the two sets. Nevertheless, the fact that the ordinate axis for the SKO

imaginary component spectrum ranges from zero to 0.2 indicates
thatk apparently does not exceed 0.2 in the SKO datd’det.
- the present case, the largest imaginary component we retrieved
ry % " Og K ' was 0.401, which occurred at the peak of the intense carbonyl
0.30 1.8 0.298 1.85 0.430 1 stretching band centered on 1677 ¢rand is a factor of 2 times
0.90 13 0.927 1.26 0.383 14 greater than the corresponding SKO value. Digitization certainly
cannot solely account for the magnitude of this discrepancy.
0.97 14 0.934 1.45 0.386 11 Although the original SKO axis could be mislabeled, the fact
1.20 1.4 1.221 1.40 0.415 8 that the amplitude of the SKO real component data in this
frequency region is smaller than that of the present results is
literature as their data set is no longer available in tabulated consistent with their smallek values. Deviations between
form.*1 The complete set of complex refractive index data is refractive index data sets for a given material such as those
available through the journal as Supporting Information. observed here are commonplace, and their existence can often
In general, there is good qualitative agreement between thebe traced back to procedural det&ddlt is tempting to cite
band positions within the two sets of refractive indices. As instrumental resolution as a potential source of the discrepancies
shown in Figure 13, there are some differences in the width in the shape of this band and others, but in this case, both studies
and height of certain bands, some of which are undoubtedly were performed with a resolution of 2 cA Unfortunately, the

TABLE 1: Initial Fit Parameters and Mie Inversion Results
(i = initial value)
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TABLE 2: Fit Parameters and Mie Inversion Results for 0.010 -
Uniqueness Test (i= initial value) 0.008 4
fy Oy K Tg gy K N 2o 0.006 -

6 1.20 1.4 0.4 1.221096 1.401762 0.415212 0.05929 0.484587 8o~ 0047
6a 0.40 1.2 0.4 1.220857 1.401829 0.415557 0.05934 0.484271 8  0.002-
6b 2.00 1.2 0.4 1.220773 1.401867 0.415040 0.05938 0.484288 8
6c 0.70 1.8 0.4 1.221447 1.401657 0.416523 0.05926 0.484416 8 —

6d 2.00 2.0 0.4 1.221289 1.401703 0.414919 0.05931 0.484190 8 1000 1500 2000 2500 3000 3500 4000 4500 5000
6e 1.25 1.5 0.2 1.221142 1.401745 0.415609 0.05935 0.484283 8
6f 1.25 1.5 0.8 1.222003 1.401494 0.415174 0.05929 0.484463 8

0.000

Wavenumber (cm'1)

lack of a complete quantitative SKO data set prohibits a full
exploration of this topic at this time. &
One concern in using an adjustable log-normal particle size
distribution within the Mie inversion procedure is that of
uniqueness, i.e., does the procedure find a single set of fit

M

T T T T T T T T T T T T T T T T T 1
parameters for the lowest sum of the squares of the deviations 1000 1500 2000 2500 3000 3500 4000 4500 5000
between the computed and observed aerosol extinction spectra, Wavenumber (cm™)
or do multiple parameter sets exist, all with the sgyi@ In Figure 14. Plot of the absolute uncertainties knandn. These data

their work on nitric acid dehydrate (NAD) crystallization, represent the standard deviation of the mearkiand n at each
Disselkamp et alf® observed that it was possible to fit an experimental frequency. The largest absolute uncertainties occur in the
experimental extinction spectrum of NAD with two Mie- regions that contain absorption bands.

simulated spectra that were each computed for two different
log-normal size distributions. Similar observations were made ! o :
by Bertram and Slo& in their study of NAD nucleation. is remarkably similar to that oby, never exceeding 0.009

Nonunigueness in the current inversion procedure would obyi- '€fractive index units across the spectrum. This behavior is
ously not be welcome, for it would lead to the retrieval of Predicted when the propagationadthroughAn(), the second

multiple valid sets of refractive index data. To avoid this issue, term on the righL—hand_side 9“ 99 81 is gonsidered. In this case,
we took care to select only those aerosol spectra that showec?" €stimate of the variance in(#) is given by

panel of Figure 14. The frequency-dependent magnituds, of

signs of simultaneous absorption and scattering throughout the oAG\2 1 \e 1 \2
entire frequency range, as had been done in previous stud- Ay = |— Z' ——| by + Z' e
ies32:34355ych spectra contain features that are dependent on n) 7T ; ’71' — ¥ ) ; ’7,' + ¥, )

the fine interplay between the optical constants and the particle (13)

size distribution, and thus lead to unique solutions. To examine

the topic of uniqueness in our case, we purposely distorted thewherei, j, and= ' retain their previous definitions and the
initial fit parameters for some of our spectra to see if the retrieval yncertainty in frequency is assumed to be negligible. Both sums
procedure Wc_)u_lql converge to the same re_sult in each case. Tablen this equation contain the variancelit’)) multiplied by the

2 shows the initial fit parameters for the inversion of spectrum inverse square of either the difference or surf;@nd#;. These

6 in Figure 10. As in Table 1, the geometric mean radii are terms serve as weighting factors that determine how much
given in units ofum; the internal scaling factd is givenin ;2 contributes to the overall variance (7). The factors

. _ . N . )

decimal position (except fd) to demonstrate the differences  forj < — 1 andj > i + 1, while the factors in the second sum
between the inversions. In each inversion, the current proce- are always much smaller than those in the first for all values of
dure yielded the same outcome to at least three S|gn|f|cantj_ Restricting the first sum in eq 13 to valuesjof i + 1 and

figures, as should be the case when a unique solution is neglecting the contribution of the second sum yields
achieved.

One measure of the precision in the present data set is given B I

b inty i imaai 2 2A7\ ki) T ki) 8

y the uncertainty in the average value xgfthe imaginary Oaniy ™ (_) e S et g_oﬁm (14)
component scaling factor. This is the only fit parameter of the ' T (AD)? T '
three used in the inversion procedure that should not depend
on the actual particle size since it is a gauge of the maximum Where the far right-hand side of eq 14 was obtained by further
value ofk across the spectrum. In this case, the averagas assuming tha:bf(;i) ~ Of(m) ~ Uﬁ(m o+ This result is consistent
found to be 0.403k 0.007 @& 2%). The absolute uncertainty  with the uncertainties shown in Figure 14. There is, however,
in each value ofk was found by computing the standard a lower limit to the uncertainty im. Recall that the real
deviation of the meany,, from the six inversion results at each  component is determined in eq 8 by adding a constgm), to
experimental frequency. As shown in the lower panel of Figure An(#;). Sincen(w) is not dependent ok, its effect ono, is not
14, the largest uncertainties k occur in absorption band included in either eq 14 or Figure 14. Strictly speaking, the
regions, but never exceed 0.011 refractive index units throughoutoverall variance inn(#) is given by o7;) ~ 04w + O
the entire spectrum. Several sources of error contribute to thewhereon.) was determined to b& 0.001 earlier in this work.
magnitude ofoy, including uncertainties in the original thin-  This implies that under conditions in whi@h\ng) < One), as
film and aerosol extinction spectra, but it is the noise in the is the case at high wavenumbet, must approach a limiting
latter that contributes the most through the correction of the value of+ 0.001.
imaginary components (eq 12). One way to check the accuracy of the present data set is to

The absolute uncertainty in each of the real components,  use the optical constants in a Mie scattering fit of other aerosol

was determined in the same manner and is shown in the upperextinction spectra for carvone that were collected in the
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Figure 15. The top panel contains a Mie fit of an aerosol spectrum Figure 16. The multimodal particle size distributions used in generating
recorded in the laboratory. The fit is quite good as indicated by the the synthetic aerosol extinction spectra. The distribution plots have been
difference spectrum in the lower panel. The fit reported a geometric offset for clarity.

mean radius of 2.24m and a geometric mean standard deviation of
1.25.

laboratory but not used in the inversion procedure. As in the
inversion procedure, the size distribution of the particles was
not measured. Instead, the particle radii were assumed to be
log-normally distributed according to eq 3, witly and oy
serving as variable parameters in the nonlinear least-squaresg
fitting procedure. An example of one of these Mie fits is ©
displayed in Figure 15. In this case, the spectrum shows a stron%
scattering component with lobe-like structure that peaks near
2600 cnt?!, which suggests not only the presence of large
particles but also a rather narrow size distribution since the lobe
has a well-defined, finite width. Indeed, the fit reported a
geometric mean radius and standard deviation of 2radand

1.25, respectively. The difference plot of Figure 15 shows little
deviation between the observed and computed spectra across 9.0
the frequency range and indicate that the optical constants
presented here are appropriate for carvone. Wavenumber (cm”)

The Mie fit shown in Figure 15 indicates that the optical Figure 17. Two of the three synthetic aerosol extinction spectra listed
constants reported here are consistent with our carvone aerosolh Table 3. The solid line represents the spectrum for test case A while
spectra under conditions in which the particle radii are assumedthe dashed line shows that of test case B. The subtle shift in the sloping
to be log-normally distributed. As mentioned previously, log- Paseline is due to changes in scattering as the size of the particles

. . . .__increases. The inversion of each spectrum resulted in an optical constant
”F’”‘.‘a' gssumptlons are often used to describe the particle S1Z€ata set that is in agreement with the present results.
distribution of single-source aeroséfsand are regularly made
in a variety of applications including remote sensing retriev- TABLE 3: Particle Size Distribution Parameters and
als86:57 climate modeling®5°backscatter calculatioiand the Synthetic Mie Inversion Results (i= units of microns)

T 1 - 1~ 1 1~ 1 1 1T 1
1000 1500 2000 2500 3000 3500 4000 4500 5000

simulatipn of bioaerosol spectral .signa.tu?.bﬁh'ere is, however, wow ows ror g © 7 |

no particular reason why the size distribution of any aerosol : °

should be log-normal. Indeed, several other types of functions A 05 05 - 0.09 — 089 151 0.401 0.0008 12
05 05 — 1.13 - 0.98 155 0.403 0.0026 9

have been employed to characterize particle size distributions,g 04 04 02 009 27 184 177 0338 06275 1
but they are often relegated to specific aerosol typeso ' ’ ’ ' ’ ’ ’ ' :

investigate how the inversion procedure described above might,nder the constrainfw, = 1 and P,y is given by eq 3; in

be affected by the use of extinction spectra for particles whose general, sums of log-normal distributions are themselves not
sizes are not log-normally distributed, we generated synthetic necessarily log-normal. The final optical constants and fit
extinction spectra for several multimodal aerosol size distribu- parameters for the synthetic spectra were then compared to the
tions from the present optical constants and Mie theory, and yegy|ts reported above. Table 3 lists the parameters for three
then used these spectra as input to the inversion procedure. Theast gistributions along with their corresponding inversion
multimodal size distributions were formed from the sum of (egits. We arbitrarily set,, to 0.90xm and theog to 1.50 in

weighted log-normal distributions order to loosely correspond to the retrieved particle size
parameters of spectra—® in Table 1. Each of the multimodal
Pum(r) = z WP\ (rirg.00) (15) distributions is shown in Figure 16 while the corresponding

synthetic extinction spectra are shown in Figures 17 and 18.
where thew; are weighting factors that properly normal2gu Test case A represents an aerosol whose numbers are evenly
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the character of the spectrum. The inversion results for synthetic
spectrum C are certainly not as good as in the previous test
cases. The imaginary component scaling factor is nearly 20%
lower than the average value ofeported above, which implies
that the imaginary components will be lower by a similar amount
throughout the entire spectrum. This will also be true for the
amplitude of the real components that are obtained from the
imaginary components through the KK relationship.

Figure 18 and the/? entry in Table 3 indicate that the
inversion fit to synthetic spectrum C is poor. Indeed, the
discrepancies between the synthetic spectrum and the fit become
progressively worse at high wavenumber. The lack of a good
fit to spectrum C is a direct result of the log-normal assumption.
In this case the log-normal distribution function is simply
incapable of including enough large patrticles to account for all
1000 1500 2000 2500 3000 3500 4000 4500 5000 of the absorption and scattering components in the extinction
spectrum. The only way to improve the quality of the inversion
fit under the log-normal assumption is to alter the optical
Figure 18. 'Mie inversion results fqr a trimodal particle size dist_ribution. constants themselves through the correction procedure of eq 12.
The solid line shows the synthetic spectrum for test case C in Table 3 Strictly speaking, this procedure operates only on the imaginary

while the dashed line shows the final state of the Mie inversion fit. . . L0 .
The log-normal assumption used in the inversion procedure cannot components In an attempt to correct minor fit dlscrepanC|es that

account for the inclusion of larger sized particles, hence the poor arise from the initial guess of the imaginary component
agreement between the spectra. spectrum. It is not meant to compensate for the fact that the

extinction spectrum undergoing inversion might be for an

divided between submicron- and micron-sized particles with ensemble of particles whose radii are not log-normally distrib-
geometric mean radii that differ by a factor of 10. In this case, uted as in test case C. The number of minimizations (column
the inversion of synthetic spectrum A yielded optical constants in Table 3) shows what happens when eq 12 is incorrectly
that are virtually indistinguishable from those reported above. applied. While test cases A and B go through several minimiza-
Not only does the imaginary component scaling factor compare tions before the inversion procedure converges to a final set of
well with the average value af, but the average deviation in  optical constant data, the inversion of spectrum C stops after
kandn over the entire frequency range is only 0.0003 refractive the first minimization due to the fact that increases after the
index units. The inversion also yielded an effective geometric imaginary component correction is carried out. Attempts to use
mean radius and standard deviation that are consistentyith  extinction spectra for aerosols distributed in a manner similar
andog, respectively. This result is not surprising. The smaller to test case C where the particle radii are perhaps spread out
particles in the distribution contribute little to the absorption over several microns are likely to yield similar inversion results,
component of extinction since their volumes are approximately thus making them relatively easy to identify and treat as suspect.
3 orders of magnitude less than the larger particles. While the None of the six extinction spectra used in the inversion
smaller particles do give rise to Rayleigh scattering, its procedure above exhibited this behavior, thus making it likely
magnitude is not significant in comparison to the Mie scattering that the aerosol radii were, or could be characterized as, log-
brought about by the larger particles. The inversion procedure normally distributed.
thus effectively sees only the spectral characteristics of the large  The complete set of complex refractive index data for carvone
particles in this distribution and proceeds accordingly. is available from the authors upon request. The optical constants

Test case B also represents an aerosol that is evenly dividedare also available online in a tab separated ASCII file at http:/
in number between two differently sized particles, but this time chemistry.che.depaul.edu/rniedzie.
the geometric mean radii do not differ by that much. As in test
case A, the inversion of synthetic spectrum B yielded optical - Summary
constants and an imaginary component scaling factor that are Here we report the frequency-dependent complex refractive
in good agreement with the present data set. One particularlyindices of carvone obtained from the Mie inversion of aerosol
interesting feature about this particular bimodal distribution, extinction spectra recorded at room temperature. The optical
however, is that it is pseudo-log-normal, i.e., the bimodal constants are in good qualitative agreement with those measured
distribution can be characterized by a single geometric meanby Sutherland et af] however, there appear to be deviations
radius and standard deviation which in this case happen to beof up to a factor of 2 in some bands. A full quantitative analysis
1.01um and 1.52, respectively. As expected, the inversion of of these deviations cannot be performed at this time since the
the synthetic spectrum determined log-normal parameters (seeSKO refractive indices are no longer available in tabulated
Table 3) that are consistent with the character of the pseudo-form#! The largest absolute uncertainties in the imaginary
log-normal distribution. In cases like this, therefore, the log- components of the present data set are largest in the band regions
normal assumption in the inversion procedure is expected to but never exceed 0.011 refractive index units. The largest
have no effect on the final results. uncertainties in the real components likewise occur in band

Upon a quick inspection of Figure 16, there does not appear regions, but never exceed 0.009 refractive index units. The
to be much of a difference between the bimodal distribution of complex refractive indices have been used here to successfully
test case A and the trimodal distribution used in test case C.model other carvone aerosol spectra recorded in our laboratory.
The additional component in the latter distribution, however, They also add to the small number of other optical constant
has a profound impact on the synthetic extinction spectra asdata sets for organic systems that are available for use in
displayed in Figure 18 where the fractional increase in the modeling applications and the interpretation of remote sensing
number of particles with radii exceeding 0.9 clearly affects measurements.
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