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Abstract. Atmospheric aerosols directly affect climate by 1 Introduction

scattering and absorbing radiation. The magnitude of the im-

pact is dependent upon the Wave|ength of ||ght, but is oftenThe Earth’s radiation balance is directly impacted by aerosols
estimated near 550 nm. When light scattering and absorptiofhat can scatter and absorb radiation. Further, this balance
by aerosols is approximated, the wavelength dependence d$ indirectly affected by aerosols as they can serve as cloud
the refractive index for specific components is lost. As a re-condensation nuclei (CCN), which can alter cloud properties
sult, climate models would have inherent uncertainties forand change how clouds interact with solar and terrestrial ra-
aerosol contributions to radiative forcing when consideringdiation. Characterizing the optical properties of aerosols in
the entire solar spectrum. An aerosol extinction differen-relationship to their direct effects on climate has been the
tial optical absorption spectrometer has been developed téocus of select studies, while many focus on experimentally
directly measure aerosol extinction at mid-ultraviolet to neardetermining optical properties or modeling their climate ef-
infrared wavelengths. The instrument consists of a spectromfects (Bates et al., 2006; Ge et al., 2010; Kanakidou et al.,
eter coupled to a closed White-type multi-pass gas cell with2005; Massoli et al., 2009; Moffet and Prather, 2009). Model
an adjustable path length of up to approximately 20 m. Lab-Simulations have led to the conclusion that the radiative forc-
oratory measurements of various gases are compared witlig by anthropogenic aerosols is comparable in magnitude to
known absorption cross sections. Additionally, the extinc-that of some greenhouse gases (IPCC, 2007). Despite this re-
tion of monodisperse samples of polystyrene latex sphere§ent progress, some large uncertainties still remain in the un-
are measured and compared to Mie theory generated with rederstanding of aerosol optical properties, classification and
fractive index values from the literature to validate the newloading. Decreasing specific uncertainties, such as the wave-
instrument. The polystyrene experiments also emphasize thi€ngth dependence of scattering and absorption by aerosols,
ability of the new instrument to retrieve the wavelength de-can lead to improved understanding of climate change.
pendent refractive index, especially in the ultraviolet wave- The wavelength dependence of aerosol optical properties,
length regions where variability is expected. The spectromespecifically the aerosol optical depth (AOD), is typically ap-
ter will be a significant advancement for determining wave-proximated in current research by tAagstibm exponent,
length dependent complex refractive indices in future laboradntroduced by Andersingstiom (Angstbm, 1929, 1930).

tory studies as well as provide the ability to monitor ambient The equation describing the wavelength dependent optical
aerosol light extinction. depth of particulate matter is:

Ta=pr " @
wherer, is the aerosol optical d%pth in the atmospherés
the turbidity coefficient defined b&ngsttdm at a wavelength
of 1 um, is the wavelength (um) wherg is observed, and

ais the,&ngstr'c')m exponent, which is equivalent to the ra-
tio of the natural log of Eq. (1) at two different wavelengths.
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The Angstrbm exponent formulation has also been used toal., 2006; Kirchstetter et al., 2004; Marley et al., 2009; Yang
refer to the wavelength dependent absorption, extinction oet al., 2009). This discrepancy inysfor aerosols and their
scattering of particulate matter and these alternate represemxtracts needs to be reconciled. Therefore, it is important
tations will be noted in our manuscript with the addition of to quantify the wavelength dependence of the aerosol optical
subscripts. However, based on the work of M@elgstrbm properties, especially the CRI, as systematically as possible,
notes that this equation is only valid over a limited wave- with preference for in situ techniques.
length range&ngst®m, 1929). In fact, Eck and co-workers ~ The optical properties of aerosols are impacted by the
showed that ambient measurements of biomass burning andavelength dependence of the CRIs of the chemical species
urban/industrial aerosols was better fit with a second ordefrom which they are composed. The wavelength dependence
polynomial function than the linear representation of Eq. (1) of the RI for some aerosol components is known. Techniques
for the wavelength range from 340 to 1020 nm (Eck et al.,such as ellipsometry and vacuum ultraviolet reflectance spec-
1999). This observed curvature is an indication that Eq. (1)troscopy can be used to obtain both the real and imaginary
cannot be used over this large wavelength range or the rangeortion of the CRI (French et al., 2007). Once known, the
of the solar spectrum. In contrast, observations of desert dustalues can be used in theoretical models, such as Mie calcu-
were consistently represented by Eq. (1). The authors atlations, to generate estimates for the aerosol optical proper-
tribute their mixed results to differences in the size distri- ties. For example, the wavelength dependence of the CRI for
butions of aerosols, where the former is more likely to be polystyrene and polystyrene latex spheres (PSLs), where the
accumulation mode while the latter is centered in the coarsdatter are often used as a calibration tool in aerosol research,
mode (Eck et al., 1999). has been studied. Recently, a number of reported RI values
The Bergstrom et al. study of aerosols in the north Atlanticincluding some dating back to the 1950s for polystyrene were
(TARFOX) investigated the wavelength dependence of theemployed in a comprehensive paper (Miles et al., 2010a).
absorption of black carbon particles (Bergstrom et al., 2002) The wavelength range for most of the values was longer
In their work, they investigated size effects as implicated bythan 400 nm, so we do not incorporate all of them in our
Eck as well as the wavelength dependence of the refractivevork (Miles et al., 2010a). But we do consider that Miles et
index (RI). Bergstrom et al. (2002) also compiled data fromal. (2010a) mention the lower refractive indices reported by
previous studies and in comparison with their work, indicateMa et al. in comparison to other literature values and that
that the complex refractive index (CRI), where the CR) {s the previous measurements were made with different forms
given asn =n + ki with n being the real part andbeing the  of polystyrene, bulk or suspension (Ma et al., 2003; Miles et
imaginary part, of sootranges from (1.3t02.2) + (0.8to 1.3) al., 2010a). We consider several values for the RI reported
between 300-3000 nm (Bergstrom et al., 2002). The authorgear 589 nm: French et al. (2007) report 1.591 + Q;0br
indicate that the single scattering albedo (SSA - the ratioPS-677 at 590 nm, Ma et al. (2003) report 1.584 for PSLs
of scattering efficiency to total extinction efficiency) from at 590 nm, Nikolov and Ivanov (2000) report 1.592 for thin
aerosols of black carbon mixed with non-absorbing speciedilm polystyrene at 588 nm, while, the manufacturer, Thermo
decreases with increasing wavelength, which contrasts wittScientific reports 1.59 for the PSLs at 589 nm (French et al.,
results for mineral dust aerosol SSA that increases with in2007; Ma et al., 2003; Nikolov and Ivanov, 2000). There
creasing wavelength (Bergstrom et al., 2002). A single sceis little variation in Rl at this wavelength, leading to small
nario does not account for these cases. differences in calculated optical properties, but the values di-
In addition to the above, the classifications of aerosolsverge with decreasing wavelength as shown in Fig. 1. Ap-
used to broadly define their optical properties and climateproaching the UV X < 400 nm), there is significant variabil-
impact have recently been expanded from broader categoriaty in the CRI values that may result from differences in the
such as black carbon, organic carbon and inorganic speciemanufacturing processes for the polystyrene samples or mea-
to include brown carbon (BrC) and yellow carbon (Andreae surement uncertainty. There are many types of polystyrene
and Gelenadsr, 2006; Bond and Bergstrom, 2006; Kirchstet- that have different physical and chemical properties such as
ter et al., 2004; Moosiiller et al., 2011; Yang et al., 2009). molecular weights, densities and polarities. The variation in
The colored organic compounds which make up these newhe CRI is matched by fluctuations in the extinction results
classifications have increases in absorption, sometimes sider aerosols composed of polystyrene especially since some
nificant, with decreasing wavelength, especially into the ul-of the CRI changes are abrupt and significant. To our knowl-
traviolet (UV) wavelength region (Andreae and Gel@ngs edge, below. =370 nm, the RI of polystyrene has only been
2006; Moosniller et al., 2011). The wavelength dependent studied by French et al. (2007). As seen in Fig. 1 (right axis),
absorption of BrC leads t@,ps> 1, but different methods of their data show a large and dramatic increase in the imag-
determination yield a range of results. For example, groundnary portion of the CRI below 230 nm and from approx-
based optical filter methods resultdgpsfrom 1 to 3.5, but  imately 300—-400 nm (French et al., 2007). Measurements
solution phase results from aerosol extracts are much highegt UV wavelengths are of particular importance when mon-
with values between 4.7 and 16 (Bond, 2001; Bones et al.jtoring aerosol optical properties because this is a region of
2010; Chen and Bond, 2010; Hecobian et al., 2010; Hoffer epotentially dramatic change in optical properties for certain
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measuring aerosol extinction over the majority of the solar

II'I - 05 - .
7 Iy Erenchictil. 5 spectrum, some at atmospherically relevant particle concen-
204\ * @& Fommenlmstionds L gy trations. An optical extinction cell (OES) was developed to

- B Experimentally retrieved k measure extinction at three wavelengths (467, 530, 660 nm),
but the sample path length is 330.2 cm, which makes this
instrument sensitive enough to measure very concentrated
aerosol samples (Virkkula et al., 2005). An Ocean Optics
UV/Vis spectrometer has been coupled to an environmental
chamber to measure the extinction of mineral dust from 250—
800 nm, but the sample path length of 66.8.5cm leads
250 300 350 400 450 to a detection limit useful only for high particle concentra-
Wavelength (nm) tions (Mogili et al., 2007). A dual-beam long path extinction
_ o _ spectrometer (LOPES) has been used to measure aerosol ex-

Fig. 1. The refractive index values from the literature reported and tinction from 200—1100 nm with a 2.5 nm spectral resolution

extrapolated to UV wavelengths are shown here. The literature val-, . .
ues are used in as an input for Mie theory to allow comparison with(SChnaIter etal., 2003, 2005). The 10m LOPES instrument

experimental results. The left axis displays the values for the real!SES @ cormer cube de_S|gn and is able to acc_urately measure
portion of the refractive index:{ with the French et al. (2007) val-  €xtinction over the entire wavelength range with a lower de-
ues shown as blue squares and the Ma et al. (2003) values shown &&ction limit of 20 MnT%, which is adequate for measuring
green triangles. The experimentally retrieved valuesifare dis-  €xtinction in polluted urban areas where total extinction can
played as solid black circles including uncertainty. The imaginary reach levels of upwards of 1000 Mrh(Andreae et al., 2008;
portion of the refractive index( is reported on the right axis where ~ Schnaiter et al., 2005). A commercial white light aerosol
the French et al. (2007) data from the literature is shown as a conspectrometer (WELAS) available from PALAS GmbH (Ger-
nected rgd line and the experimentally retrieved k values are givermany) operates from 370-780 nm and has been employed by
as red grid boxes. Flores et al. (2009) to determine aerosol extinction and re-
trieve refractive indices, however, these are reported as an
average from 400—-800 nm and are not wavelength resolved
types of aerosols, especially those with some color like BrC(Fiores et al., 2009). A cavity attenuated phase shift (CAPS)
(Andreae and Gelenées 2006; Bond and Bergstrom, 2006; spectroscopy instrument has been tested at 445 and 632 nm
Kirchstetter et al., 2004; Moosifler et al., 2011; Yang et  with an effective path length of 2km and is reported to have
al., 2009). Optical properties can be used for classifications precision of~0.2 Mm™1, but is limited to a single wave-
and the variability may be significant at higher altitudes for |ength per experiment (Massoli et al., 2010). Cavity ring
climate predictions. down (CRD) instruments have been built with several wave-
A variety of instruments measure aerosol optical proper-length channels or small spectral ranges, including 1550,
ties, but this is often only at a single wavelength or a few 1520, 1064, 683, 675, 620, 570-540, 532, 425-385, 390,
select wavelengths. Some instruments have been design&b5 nm, with excellent precision (Baynard et al., 2007; Bula-
to measure aerosol optical properties as a function of wavetov et al., 2002; Butler et al., 2009; Dinar et al., 2008; Mellon
length. For example, differential optical absorption spec-etal., 2011; Miles etal., 2010b; Moositfer et al., 2005; Pet-
troscopy (DOAS) or similar techniques have been used taersson et al., 2004; Smith and Atkinson, 2001; Spindler et
directly measure aerosol extinction (the sum of scatteringal., 2007; Strawa et al., 2003, 2006).
and absorption) (Bnninger et al., 2004; Mogili et al., 2007; Our aerosol extinction differential optical absorption spec-
Schnaiter et al., 2003, 2005; Si et al., 2010; Takashima et altrometer (AE-DOAS) is unique because it is a broadband
2009; Virkkula et al., 2005). This technique uses a broad-instrument and continuously covers nearly the entire solar
band light source to determine the differential spectra of aspectrum from 220 to 1050 nm with better than 0.5 nm reso-
sample versus background. It is most commonly used tdution. In the following, we will show that the AE-DOAS
determine the concentration of trace gas species in the atias good precision in repeat measurements. Further, its
mosphere, but it has also been used to measure aerosol ewavelength calibration was investigated and confirmed using
tinction. With long, open paths, these instruments can haveyases which absorb strongly in this range, specifically ozone
low detection limits for aerosol extinction @tininger et al., and acetone. The results are compared with known absorp-
2004; Si et al., 2010; Takashima et al., 2009). However, typ-tion cross sections from the literature for wavelength agree-
ical DOAS instruments with open paths can only be used toment. The accuracy is investigated with aerosols, specifically
measure the optical properties of a bulk aerosol sample (PlafPSLs, through comparison with a Mie theory model. The
and Stutz, 2008) and therefore cannot be used to differentimodel is generated with literature values of the wavelength
ate between aerosol type and the specific optical propertiedependence of the RI of polystyrene and extrapolations of
of the constituents of that aerosol sample. A limited num-these values, though only one direct comparison with prior
ber of laboratory instruments based on DOAS are capable ofesearch is possible at UV wavelengths (French et al., 2007;

Refractive Index (n)
(1) 19 AreuiBew|
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Ma et al., 2003; Nikolov and Ilvanov, 2000). We will show Fiber Optic Cable

that the strong changes seen in the UV region for the imag- I EEEE—
inary portion of the CRI by French et al. (2007) were not | ™o

observed in our particular polystyrene sample. By monitor- |_|

ing various sizes of PSLs, a closure loop is used to deter-|

mining the wavelength dependent CRI for polystyrene at se-
lect wavelengths (Abo Riziq et al., 2007; Lang-Yona et al.,
2009; Miles et al., 2010a). Our results further emphasize the
need to monitor the wavelength dependence of aerosol opti-
cal properties.

2 Experimental

A bench-top AE-DOAS was custom manufactured by Cerex <o
Monitoring Solutions, LLC (CMS UV-5000) to monitor
aerosol extinction, despite the use of absorption in the his- /|  secongary | o
torical name. This system consists of a 100 watt continuous | —— s

duty xenon (Xe) lamp, fiber-optically coupled to a White- |_|

type multi-pass gas cell, and then to a single beam UV/Vis sample Inlet

spectrometer as shown in Fig. 2. The White-type multiple

reflection system is composed of three separate concave mifig. 2. A schematic of the benchtop AE-DOAS system. Light from

rors, each having the same radius of curvature. The disthe xenon lamp in the rack mountable spectrometer (shown on the

tance between the mirrors is twice the focal length in order'ight) is focused onto a fiber optic cable for transfer into the multi-

to clearly reproduce the image of the light source on the mir-P2ss gas cell (shown on the left). After a number of passes in the

rors (White, 1942). The Xe lamp and coated mirrors providegas cell, the reflected light is focused onto a second fiber optic cable
’ ) . . . d detected by th il ter.

spectral coverage ranging from the mid-ultraviolet to nearsC Cerected by ine spectrometer

infrared (approximately 220—-1050 nm) at a resolution of bet-

ter than 0.5nm. The lamp intensity is not smooth over the . . . L

entire spectral range but rather contains a large broad peak n analytlcall chemistry, mstrumen_tal detg ction limits are

spanning the UV and visible up to approximately 750 nm. commonly defined as @ of the baseline noise of two con-

secutive measurements, and a representative example of the

At wavelengths between 780-880 nm, the_ Iamp Intensity 'SAE-DOAS wavelength dependent detection limit is shown in
low, and after 900 nm there are sharp emission peaks fro

the Xe lamp. This is all corrected for by routinely taking ”hg. 3. This detection limit was calculated using two con-

seTcutive measurements of particle free nitrogen with a path
background measurements before sample measurements, tfungth of 19.51 m and an integration time of 180s as is used

) e
sharp features above 750 nm can be seen in some spectrq a%q the laboratory based aerosol experiments in this work.

the instrumental detection limit at a specific wavelength is : ; R .
: : . The increases in detection limit seen in Fig. 2 below 235 nm
directly related to the lamp intensity at that wavelength. : ;
. : ; and above 700 nm are due to the decreased intensity of the
The stainless steel multi-pass gas cell (left-half of Fig. 2) . . . .
has outer dimensions of 73.0 o9, 2 cmx 7.5 cm and an lamp and variable mirror reflectivity. The average detection
. o ' ' _limit of the AE-DOAS from 235-700 nm is 32.5 Mn. The
internal volume of approximately 5.81. Spacers present in S
L . lower detection limit of the AE-DOAS measurement shown
the bottom of the gas cell minimize the internal volume and. " _~ " 1
. . : -in Fig. 3is 12.6 MnT* at 366 nm and has been observed to be
reduce sample residence times. While these spacers may in- 1 : )
o as low as 6.2 Mm+ at approximately 350 nm during back-
crease the likelihood of turbulence, flow rates are kept low to round samplina before experiments. For comparison. the
minimize the impact. The path length can range from 2.449 pling b : P '

t0 19 51 m and is adiusted by counting the number of refleC_Iower detection limit of the LOPES instrument is reported to
o : Jus Y 9 I be 20 MnT! (Schnaiter et al., 2005). The detection limit of
tions on the primary mirror. Alignment of the incident beam

within the multi-pass cell is achieved by slight movementsthe AE-DOAS s variable, but can be calculated for any ex-

of the mirrors in conjunction with monitoring the lamp spec- periment by finding & of the baseline for the last two zero

trum shape and intensity. A fiber optic cable transfers themeasurements before the sample is introduced. In addition,

) ._.zeros can be compared before and after sample measurement
light back to the spectrometer. The spectrometer conS|st§0 indicate a change in baseline, though experimental times
of a grating and a 3078 element linear diode array (LDA), g ' 9 b

which is standard for UV/Vis spectroscopy. In this work, a are kept as short as possible to minimize drift. Based on the
ath lenath of 19.51 m was used for all ex. eriments uniesslamp spectrum and detection limit, we will primarily use the
gthervvis?a noted ' P instrument in the 235-700 nm wavelength range. The ex-

perimental results presented in the subsequent sections focus
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5— Polystyrene latex spheres have a smab ¢6) coefficient
of variation in diameter and are often used as a proxy for
47 monodisperse spherical aerosols. PSLs interact with light as

predicted by Mie theory, and therefore make a good calibra-
tion standard for aerosol measurement techniques (Baynard
2] et al., 2007; Cai et al., 2006; Galli et al., 2001; Lang-Yona et
al., 2010; Liu et al., 2010; Miles et al., 2010a). All PSL so-
L lutions in this work were made fresh and mixed in test tubes
by diluting 15 drops of 10 % w/w PSL solution (Duke Sci-
w0 40 500 600 700 800 900 1000 entific Corporation, now part of Thermo Scientific) in 20 ml
Wavelength (nm) deionized water (J. T. Baker, HPLC Water). To measure a
monodisperse PSL aerosol sample the setup in Fig. 4 was
Fig. 3. The AE-DOAS detection limit is shown as a function of used. In detail, the aerosol sample was atomized then dried
wavelength. This data is smoothed by averaging over five recordedo a relative humidity of<3 % by flowing over molecular
wavelength values. Itis clear that the detection limit is steady oversieves housed in a diffusion dryer. The dried aerosol sample
the center of the solar spectrum from 235-700 nm. At wavelengthsyas size selected at the diameter of the PSLs by a differential
putsid_e this r_ange, the dptection Iimit increases due to low 'ampmobility analyzer (DMA — TSI model 3080L). The monodis-
intensity and is not used in our experiments. perse PSL sample then enters the AE-DOAS where contin-
uous extinction measurements are made as the sample flows

on the precision of our measurements over a number of tri—through the gas cell. Upon exiting the gas cell, the aerosol

als and also give an indication of the noise levels of thesample enters the condensation particle counter (CPC — TSI
instrument model 3775). The uncertainty of the counted particle con-

i i 0,
Experiments were conducted with gas phase species(fentrayons Is£10%. . . . . .
_Particle concentration varies as a function of time during

specifically ozone and acetone samples, as a wavelength cal

ibration to show that the detector was properly aligned. The?" experiment. The highest AE-DOAS extinction signal for

gas of interest is directed through the gas cell by positioningan experiment is a_lssumed to corr_espond t(.) the maximum
a small pump (Hargraves mini diaphragm pump., HOS?A-ll)aer(_)SOI concentration for the experimental trial. A time off-
operating at 31 min? at the outlet. The ozone was produced set is defined as the d|ﬁergnce betyveen the .star.t time of the
by a spark discharge ozone generator and was monitored Witﬁ‘E'DOAS measurement with the highest extinction and the

a path length of 9.75 m. For the acetone experiment, an opeﬁrr?de itshﬁun;at)é'rg;{g;g%ﬁlr&tﬁ'?: tvf\]’zsvgﬁ%seugﬁhbgézz S;IC
vessel containing liquid acetone was simply placed at the in- i
g'q Py P nd the travel time between the gas cell and the CPC. For

let to the gas cell and the vapor pressure entrained sufficiert : ) ) :
acetone ir?to the sample rowpto eﬁlow measurement all PSL measurements discussed in this work, the time off-

The absorption of light by gas phase species can interferéet _from the AE-DOAS measurement to the agrosol concen-
with aerosol extinction measurements. Based on three yeg ation measurement was petween 8'5_19'5 min. n gtyplcal
local maxima observed at a UNH operated field site (Thomp- S min exper'lment, 'the part|ple concentratloh rises quickly to
son Farm) for 40 gas phase species and literature values fg maximum in the flrs_t 1_0 min, decreases slightly toa steady
absorption cross sections, it was determined that the mostate and remains within the CPC error for 25 min and de-

significant interferences would occur in the UV and that the CTEaSES within 10 min after the atomizer pump is turned off.

most important species to monitor are ozone, nitrogen diox-The steady state particle concentration window is used for the

ide, sulfur dioxide, and water (AIRMAP, 2004). As long as relatively short optical measurements. During specific opti-

significant concentration changes of these gases are not eﬁgl measurement of 120 or 180 integration, an equivalent

countered during the course of an ambient experiment, interdVerage was used for particle counting results; in a represen-

ferences can be accounted for by measuring filtered, aerosé?t've exper |ment,.the standard dewaﬂorq(jbn the particle
concentration during the steady state window was 4 %.

free ambient air as a background. We do not use filters in The f te th hth term is kept low duri
the experiments presented here, but future experiments will € fow rate erl.Jg _ne system IS keptlow during exper-
ents (0.3 min+) yielding a low Reynolds number indica-

include temperature and pressure monitoring in the gas cel'tl_rn f laminar f The mi { protected f
to allow corrections for Rayleigh scattering. For the gas Ve ot laminar flow. The mirrors are not protected from con-

phase experiments presented here, laboratory air was us amingtion by a purge flow; however, sensitivity ex.periments
as a background and compared to laboratory air enhanced i llowing he_avy use conducted befo_re.and afte_r mirror clean-
the species of interest. In the laboratory aerosol experimenténg and realignment show results within experimental uncer-

particle free nitrogen is used as a background and for aeros&?'nt'es' In adqlltlon, du'rlng the particle free backgropnd for
generation to minimize gas phase interferences. aerosol sampling, particle counts reached zero as is neces-
sary to avoid spurious results and thus give no indication of

re-entrainment of surface bound patrticles.

Detection Limit (cm‘1><106 )

www.atmos-meas-tech.net/5/709/2012/ Atmos. Meas. Tech., 5, 708%-2012



714 R. T. Chartier and M. E. Greenslade: Wavelength Dependent Aerosol Extinction Spectrometer

0.20 —
& N —— experiment
A DMA | A-DOAS —CPC ) S\ literature

0.15

Fig. 4. A flow diagram of experimental setup used to measure
the optical properties of a monodisperse PSL sample with the AE-
DOAS. A=atomizer, DD =diffusion dryer, DMA = differential mo-
bility analyzer, AE-DOAS =aerosol extinction differential optical
absorption spectrometer, which is shown in detail in Fig. 2, and 0.05
CPC =condensation particle counter. Additional instrument details
are given in the experimental section.

0.10

Absorbance Units

2

( g, 01X @INosjouy wo) uoN0ag ss01) uondiosay

0.00 = T T T T T —0

230 240 250 260 270 280
Wavelength (nm)

Mie calculations using three different sets of refractive in-

dices for polystyrene were performed using Foriran and I\/lat'Fig. 5. The UV absorption spectrum of the Hartley band of ozone

Lab programs (Bond Research Group, 2008) basep on that c?1f1easured with an AE-DOAS path length of 9.75m is shown as a
Bohren and Huffman (Bohren and Huffman, 1983atifler,  gqjig plack line. This is compared to the dotted grey line showing
2002). The calculated Mie extinction cross sections based Ofhe absorption cross section spectrum of 0zone (shown on the right
different RI values from the literature were compared with y-axis) (Bogumil et al., 2003). A wavelength adjustment equivalent
the experimental results. Aerosol extinction cross section igo adding one nanometer to the experimental spectrum is required
analogous to the gas phase molecular absorption cross setw-match the fine spectral structure seen in the literature spectrum.
tion and is calculated as the raw extinction value (édi-

vided by the particle number concentration (particlesgm

to yield units of cni particle™!. Alternatively, the value of Initially, acetone was identified in laboratory air as a gas
Qext, Which is the dimensionless efficiency of extinction cal- phase interference near=275nm due to changing signal
culated by dividing the extinction cross section by the geo-in background measurements. Subsequent laboratory ex-
metric cross section of the aerosols, can be plotted versus sizgeriments described above yielded the spectrum in Fig. 6.
parameter ), which is defined ag d/x, where the diame- By comparing with literature results for acetone absorption
ter (@) is varied. The latter method is reported for a single  (Meyrahn et al., 1986), also seen in Fig. 6, the interfering
but can be duplicated at many different wavelengths and hagpecies was confirmed. No adjustment was required for the
been used previously to validate CRD instruments (Baynardvavelength in this case and the alignment of the spectrome-
et al., 2007; Miles et al., 2010a). It can also be used to reter and the linear diode array is confirmed with the standard
trieve the CRI a specific wavelength by fitting the data usingpath length. The acetone concentration during the experi-
a closure loop (Abo Riziq et al., 2007; Dinar et al., 2008; Er- ment shown in Fig. 6 was determined to be 190 ppmv. Ace-
lick et al., 2011; Flores et al., 2009; Freedman et al., 2009one is commonly used in the building and its concentration
Kim et al., 2010; Lack et al., 2006; Lang-Yona et al., 2009; will change so the background must be monitored during am-
Mack et al., 2010; Miles et al., 20104, b). bient experiments.

An experimentally obtained wavelength dependent spec-
trum of the extinction cross section for 300 nm diameter
PSLsis shown in Fig. 7. On the wavelength axis, each closed

Ozone has broad absorption bands throughout the UV/vidlack circle shown is the smoothed average across ten raw
spectrum and high concentrations can be readily observe@xperimental data points. Intensity of the extinction cross
by the AE-DOAS (Voigt et al., 2001). The absorption of sectionis displayed as an average of eleven spectral retrievals
ozone measured by the AE-DOAS is shown in Fig. 5. Thiscompleted on three different days, where the error bars rep-
is the Hartley band which spans from approximately 200-resent one standard deviation of the mean. The error bars
300 nm with an intense absorption peak centered at 255 nnhow the measurement precision. The accuracy of the ex-
Figure 5 also compares our results with literature (Bogu-tinction cross section measurements is governed largely by
mil et al., 2003). It was necessary to adjust the AE-DOASthe CPC counting efficiency (Miles et al., 2010a). The ac-
spectrum by adding 1 nm to the result to achieve excellen€uracy of our extinction cross section results is confirmed by
agreement with the fine structure in the literature spectrumagreement with a Mie theory model near 590 nm where the
The literature absorption cross section was used to determin&! of PSLs has been extensively studied and minimal absorp-

that approximate|y 650 ppbv of ozone was present during thélon is reported. Additional experiments were performed at
measurements. other path lengths and yielded similar results, though only

the longest path length results are shown here for consis-
tency. Each size of PSL has a unique aerosol extinction cross

3 Results
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Fig. 6. The UV ab . btained with the AE-DOAS Fig. 7. The extinction cross section spectrum measured by the AE-
Ig. 6. The UV absorption spectrum obtained with the AE- DOAS for 300 nm PSL is shown as solid black circles. The experi-

(.)f aceto‘ne.wnh a 5-point POXC"” average Is shown asa salid IOIalenental error bars represent bf the mean. Mie theory calculations
line. .Thls IS Comp‘."“ed with the dotted grey line showing the ab- are performed with various values for the RI. The result based on the
s_orptlon cross section spectrum of gas phase acetone (shown on t%nstant manufacturer’s reported Rl is shown as solid red diamonds,
right y-axis) (Meyrahn et al., 1986). the RI derived from Ma et al. (2003) based on the Cauchy coeffi-

. f . f | hd . fcients is shown as solid green triangles and the French et al. (2007)
section spectrum as a function of wavelength due to size e experimentally determined CRI is solid blue squares. The experi-

fects. We do not show those other spectrum here but insteaghent and calculations show improved convergence at wavelengths
focus on comparisons with Mie theory while compiling those greater than 475 nm and are therefore not shown.
results in later figures.
Mie theory calculations are completed with Rl values from
the literature. The first calculation is generated using the Mie calculations performed using Rl generated from the
RI of PSLs given by the manufacturer, Thermo Scientific, reported Cauchy coefficients are shown in Fig. 7 as filled tri-
as 1.59 at 589nm and using this value at all wavelengthsangles (Ma et al., 2003), while calculations using the CRI
(Thermo Fisher Scientific, 2012). This does not give an in-reported are shown as filled squares (French et al., 2007).
dication of the wavelength dependence for our experimentsShe Mie calculation using the constant RI reported by the
but rather is an approximation similar to assumptions mademanufacturer (Thermo Fisher Scientific, 2012) are displayed
in some climate modeling studies. The manufacturer doess filled diamonds in Fig. 7. There is clearly a difference
discuss the wavelength dependence to the RI of the PSletween the two wavelength dependent theoretical results,
in a technical document (Thermo Fisher Scientific, 2009),though the general shape of the spectra agree with a few
but references previously published data (Boundy and Boyenninor issues. The theoretical calculation using the constant
1952; Ma et al., 2003). The second set of RI data is wave-manufacturer’s Rl has a spectral shape which does not match
length dependent and was derived from experimental data fiks well as the spectra from the wavelength dependant RI.
to determine the reported dispersion coefficients of Cauchy'sSpecifically, the intensity is decreasing in the UV for our ex-
equation (Ma et al., 2003; Nikolov and lvanov, 2000). The perimental spectrum, but there is a peak seen with the con-
results of Nikolov and Ivanov (2000) are similar to Ma et stant Rl model. Also, with the constant manufacturer’s RI,
al. (2003), but the former do not report index of refraction there is a blue shift of each of the peaks in comparison to the
values below 436 nm; the Ma et al. (2003) data is reportedexperimental AE-DOAS spectrum. For the other two theoret-
for wavelengths greater than 370 nm, and we use their data tigal results, it is clear that the RI values mainly extrapolated
370 nm and further extrapolate into the UV. For both the firstfrom Cauchy coefficients reported by Ma et al. (2003) over-
and second calculations, the imaginary portion of the GRI ( estimates the extinction cross sections from 220-400 nm.
is set at the negligible value of zero, though other low valuesThe intensity of the extinction cross section model based on
could have been selected. The third set was determined exhe French et al. (2007) complex Rl most closely matches the
perimentally and is reported as Rl values from 207-1033 nmAE-DOAS spectrum.
(French et al., 2007). The two sets of wavelength dependent Since the aerosol extinction cross section spectra are
Rls we use in our calculations differ somewhat in the realunique for each PSL size, we compile this data. A rep-
portion of the CRI £), while only French et al. (2007) data resentation of the size dependent aerosol extinction is re-
includes a non-negligible imaginary portion of the CRI.(  ported in Fig. 8 asQex Versus size parameter at a wave-
length of 248nm. It is especially important to investi-
gation the UV region because few experimental or theo-
retical results are available for these wavelengths. The
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Fig. 8. The experimentally measurg@ext versus size parameter
for PSL at a wavelength of 248 nm are shown as solid black Cir'Fig_ 9. At a wavelength of 335nm, th@ex measured by the
cles. The black line is the Mie theory calculation performed with a AE_poas (solid black circles) does not match th@ex: pre-

CRI from French et al. (2007)(=1.826+0.059 atA=248nm).  gjicted by Mie theory generated with the French et al. (2007) CRI
The grey dot-dash line is the Mie theory calculation for the CRI (m =1.686 +0.197) shown as the black line. The Mie theory gen-

retrieved from the experimental data £1.81+0.05). The ex-  grated when the imaginary portion of this CRI is reduced to zero is

perimental extinction efficiency is reported for PSL diameters of ghown in the light gray dotted line. The grey dot-dash line is the

150nm, 220nm, 300 nm, 430 nm, and 600 nm (from left to right) \jie theory calculation for the CRI retrieved from the experimental

and the reported error bars are for repeat measurements. data ¢z =1.72 +0.005). Errors bars are & on repeat experimental
measurements.

experimental measurements are deplcteql as closed cwcleasnd 1.724:0.02) + 0.0054:0.03)i, respectively. These re-
and the error bars are one standard deviation of the mean . . )
for multiole measurements. The solid black line in Fia. 8 sults are shown with the literature RI values for comparison
is theuMIi[()a theory galculatioﬁ using thle Frenchlet alll (2'8'07)in Fig. 1. Mie theory curves from the retrieved RI are also

CRI,m = 1.826 +0.059, reported at a wavelength of 248 nm shown on Figs. 8 and 9 as grey dot-dash lines. The curves

(French et al., 2007). The agreement is excellent as the exqre similar to those based on the French et al. data, though

perimental data overlaps with the Mie theory model in all Improvements in the fit are visible for the= 335 nm case.
cases.

Good agreement between experiment and theory is 0b4 Discussion
tained at 248 nm, however, this agreement varies at other
wavelengths. AerosaDey; versus size parameter for a wave- The AE-DOAS spectrum of ozone shown in Fig. 5 was taken
length of 335 nm is shown in Fig. 9, with open circles repre- at concentrations that are greater than most polluted condi-
senting the experimental data. The solid black line in Fig. 9tions. This high concentration could have led to minor broad-
is the same theoretical calculation as in Fig. 8, but usingening and the need for the 1 nm wavelength offset. Alter-
the CRI ofm =1.686+0.197 reported at a wavelength of natively, it is possible that the alignment to the spectrome-
335nm (French etal., 2007). A dotted light grey line is addedter was imperfect during this sampling with a path length of
to Fig. 9 and is a Mie theory calculation using the real por-9.75m, and this misalignment may have led to the observed
tion of the French et al. wavelength dependent CRI but withsmall shift in wavelength. This problem will not contribute
the imaginary portion of the CRI set to zero. This variation to issues in our aerosol measurements because they are com-
improves the agreement between theory and experiment. pleted with a longer path length and further the aerosol ex-

In addition to comparing the experimental results with sev-tinction is broad so small shifts in the wavelength calibra-
eral Mie theory simulations, we have retrieved the CRI attion would not be significant. It should also be noted that
the wavelengths studied in detail£ 248 and 335 nm) using this relatively short path length means that ambient measure-
methods previously described in the literature (Abo Riziq etments using longer path lengths may contain interferences
al., 2007; Dinar et al., 2008; Erlick et al., 2011; Flores et from lower ozone concentrations. As pointed out previ-
al., 2009; Freedman et al., 2009; Kim et al., 2010; Lack etously, this can be overcome during measurements of ambient
al., 2006; Lang-Yona et al., 2009; Mack et al., 2010; Miles aerosol extinction by frequently monitoring the background
et al., 2010a, b). For this work, we have used an interfacegas intensity using particle free air at regular intervals. Al-
from J. Michel Flores to retrieve the CRI using the data in ternatively, if the concentration is expected to change rapidly
Figs. 8 and 9. At wavelengths of 248 nm and 335 nm, PSLsn the measurement time scale, then the ozone concentra-
are found to have a CRI af =1.81 @-0.03) + 0.05£0.07); tion could be monitored directly and the spectrum corrected
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using well know absorption coefficients for ozone. In or- distributions are monitored, aerosols absorb light, or if there
der to better confirm the alignment of the system at the stanis dispersion in wavelength at the light source. For these rea-
dard configuration with a path length of 19.51 m, acetone wassons, minimal ripple structure is expected. The experimental
monitored. The agreement between the literature and experesults follow the interference structure calculated gy,
imental spectra in Fig. 6 is excellent. No wavelength offsetspecifically the theoretical trace is within the Jerror bars
is applied here and none was used for the remainder of that all measured sizes. The experimental results even follow
experiments. the small amount ripple structure present in Fig. 8 as can be
In Fig. 7, it is clear that Mie theory generated by the seen at the 220 nm diameter PSL (shown at a size parameter
Cauchy derived RI and the constant manufacturer’s RI specef nearly 3).
ified at 589 nm differs from the experimental spectrum of The extinction efficiency for various size PSLs at a wave-
300 nm PSL at wavelengths into the UV (Ma et al., 2003). length of 335 nm is shown in Fig. 9. Experimental measure-
The agreement between the spectrum of 300 nm PSL and thments at this wavelength deviate from theory in Fig. 7 and for
Mie theory calculations made using the French et al. (2007)other sizes studied; as such, the experimental and theoreti-
wavelength dependent CRI provides the best agreement beal extinction efficiencies at=335 nm were not expected to
tween our results and the three theoretical spectra (Frenchoincide. The disagreement is clear in Fig. 9, with strongest
et al., 2007). Using this model represented by filled squarewariability at size parameters greater than 2.5. Careful com-
that includes the imaginary part of the CRI, the agreemenfparison of the CRI values used for both extinction efficiency
is especially improved at wavelengths less than 300 nm ircases, highlight that the imaginary portion of the CRI is
the UV region of the spectrum. At wavelengths less thannearly four times greater at 335 ni=£0.197) than 248 nm
370 nm, the Ma et al. (2003) data was not provided but rathek = 0.059) (French et al., 2007). The increase in the imagi-
has been extrapolated and this may have lead to the disagrerary portion of the CRI leads to a smoothing of the interfer-
ment observed in Fig. 7. On the other hand, all of the theo-ence structure indicative of an absorbing species. We would
retical 300 nm PSL extinction cross section spectra appear thave expected to increase with decreasing wavelength, but
be slightly enhanced over the experimentally determined val+rench at al. (2007) observed an interim peak in the imagi-
ues at wavelengths greater than 400 nm, suggesting that moreary Rl near a wavelength of 335nm (French et al., 2007).
light is reaching the AE-DOAS detector than is predicted by In order to investigate this more closely, theoretical calcula-
Mie theory. This over prediction is nearly resolved at wave- tions were performed with the imaginary portion of the CRI
lengths longer than 475 nm, where any remaining disagreeset to zero while keeping the real portion consistent with the
ment may result from enhanced forward scattering at longeiFrench et al. (2007) value. This treatment is more in line
wavelengths. with the imaginary part of the CRI from French et al. (2007)
Closer examination of Fig. 7 reveals that even the goodat wavelengths greater than 413 nm where the value is con-
agreement achieved with the Mie theory calculations madesistently less than 0.069French et al., 2007). The resulting
using the French et al. (2007) wavelength dependent CRtrace is shown as a dotted light grey line in Fig. 9. The in-
has spectral regions with greater deviations. For examplegcreased agreement with the new model is remarkable, con-
the Mie theory calculations predicted higher extinction crossfirming that a modest change in the imaginary portion of
sections from 230-240 nm than were measured experimerthe CRI can lead to significant changes in the extinction ef-
tally. Differences between the theory and measured extincficiency at some size parameters. Our experimental results
tion cross section spectra in the wavelength range of approxisuggests that the Duke Scientific PSLs samples do not absorb
mately 300—-370 nm can also be seen, though these are mostlight at this wavelength as readily as the thin film polystyrene
within the error of the measurements. The agreement can bsamples measured by French and co-workers (French et al.,
investigated in more detail by examining the valugfias  2007).
a function of size parameter at specific wavelengths. The agreement between the experiment and theory de-
Figure 8 depicts the experimental and Mie theory calcu-pends on the value of the CRI used in the calculations.
lated extinction efficiencies for various size PSLs at a wave-By observing the deviations in Figs. 7, 8 and 9, it is clear
length of 248 nm. A wavelength of 248 nm was chosen forthat even the best CRI determined with careful experimen-
this calculation because Mie theory calculations appear tdal technique does not match our results at some wavelengths
correlate well with the extinction measurements for 300 nm(French et al., 2007). The most probable explanation for this
diameter PSL and for various other sizes. Further, the lamps variability in polystyrene samples. Some differences in
is stable and the detection limit is low at a wavelength of the optical properties of various polystyrene samples are ex-
248 nm. This type of depiction of extinction efficiency dis- pected, as the manufacturing process controls these. French
plays broad maxima and minima called interference structurest al. (2007) measured two different thin film polystyrene
which is due to destructive and constructive interference, resamples in their work, and the resulting complex refractive
spectively, between rays of scattered light. In addition, thereindices were unique to each sample (French et al., 2007).
are often smaller sharp peaks which are referred to as rippl®ur calculations use their PS-677 sample results which has
structure. The ripple structure is smoothed when broad sizdetter agreement with the RI of the PSLs as reported by the
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manufacturer at 589 nm (French et al., 2007). Differences In future work, we will perform a detailed analysis of our
could arise because our PSLs are spherical, not thin filmslata for PSL through a minimization routine to retrieve the
that can be subjected to different measurement technique€RI from extinction efficiency representations at additional
and also the PSL samples contain a proprietary surfactant imavelengths, especially in the UV range where little data cur-
the solution to reduce agglomeration, which could alter therently exists. We will also be studying a variety of samples
CRI of the aerosolized PSLs. Therefore, it is not unexpectedn the laboratory and preparing the AE-DOAS for ambient
that the complex refractive indices reported for the thin film measurements, where the latter will include investigating in-
sample do not completely reproduce the extinction spectruntreased flow rates through the system to reduce the duty cy-
of the PSLs used in this work (French et al., 2007). How- cle for obtaining data and adding pressure and temperature
ever, these wavelength dependent complex refractive indicemonitors to allow Rayleigh scattering corrections. In addi-
provide good agreement and they should continue to be usedion, we will consider substituting the current Xe arc lamp for
but with some caution in the UV wavelength regions. Valid high power light emitting diodes (LEDs) that are beginning
CRI representations are available other wavelength regionsto be used in spectroscopic equipment for increased stability
Several research groups are currently using the CRI as and sensitivity or moving to a broad band cavity enhanced
floating parameter and fitting Mie theory calculations to ex- system.
perimental results (Abo Riziq et al., 2007; Dinar et al., 2008;
Erlick et al., 2011; Flores et al., 2009; Freedman et al., 2009AcknowledgementsiVe gratefully acknowledge the contribution
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